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ABSTRACT
The work described in this thesis was under taken in order to 

obtain a greater understanding of the processes accompanying the 
adsorption of proteins. The experiments were made at air/liquid and 
liquid/liquid interfaces since interfacial energy is directly 
measurable. The protein chosen was human serum albumin (HSA) since 
this molecule has a known amino acid sequence. In the case of 
proteins a very long time, of the order of 16 hours, is required 
before the interfacial tension reaches its equilibrium value. The 
diffusion coefficient of HSA indicates that adsorption is complete in 
a very short time, i.e., about 10"3-10"6s. The relaxation processes 
involved in the surface tension changes must therefore be of other 
origin. These changes are conformational changes in the structure of 
the molecule and are associated with the process of denaturation.

In order to obtain insight into the unfolding, a detailed study 
of the surface rheological properties of the adsorbed films was under­
taken. A stress relaxation technique was developed which provides 
information on the surface elastic modulus and the loss modulus over a 
wide range of frequencies. The results show the presence of two 
dominant processes with characteristic times and r2 of the order of
minutes and hours respectively.

The variation of and r2 was determined as a function of pH of
the aqueous phase, the bulk concentration and the interfacial concen­
tration, T. T was measured directly using a radiotracer technique 
since it became clear that the Gibbs adsorption isotherm gives incor­
rect values at high bulk concentrations.

The values observed for said r2 combined with surface and
interfacial tension measurements revealed the following properties of 
films of adsorbed HSA.

1. The degree of unfolding of the molecule is strongly depen­
dent on the pH of the solution.

2. The presence of S-S bridges limits the degree of unfolding.
3. The presence of an apolar phase causes additional unfolding 
due to the interaction of the hydrophobic groups with the medium.
4. At high concentration the presence of the adsorbed molecules 
means that newly arrived molecules may not have sufficient space 
to unfold and so remain in their native state. These molecules 
return to the bulk phase if the surface is compressed. Hence 
the molecules exist on the surface in various conformational 
states.

5. After adsorption is complete the structure of the adsorbed 
film slowly relaxes to a stress free condition.
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CHAPTER ONE

THE ROUE OF ADSORBED PROTEINS IN DETERMINING BIOOOMPATABILITY
1.1 INTRODUCTION

During the last few years a large number of polymers have been 
used as biomaterials for various purposes such as tissue implants and 
in replacement of parts of the cardio vascular system.

The biocompatibility of these polymers has been widely investi­

gated by Baler et al. (1968, 1969) and only those polymers which pro­
voked a minimal response when exposed to the physiological condition 
are considered to be biocompatible.

When a polymer surface comes into contact with blood it causes:-
1 . protein adsorption;

2 . platelet adhesion and aggregation;
3. activation of the intrinsic coagulation.

Complete knowledge of the events that occur during blood-polymer 
contact is not available but it has been shown that the above three 
processes play a vital role in the characterization of a biocompatible 
material. Kim (1976) has suggested that adhesion and aggregation of 

platelets on an implant do not occur directly on the polymer surface 
but occur only on a surface on which a layer of plasma proteins has 
adsorbed. Therefore the adsorption of plasma protein is regarded as 
an important precursor of the platelet adhesion and aggregation. The 

nature of blood-polymer interaction is exceedingly complex and is far 
from being completely understood but good progress in the development 
of non-thrombogenic material has only been achieved by consideration 
of the interfacial processes that precede and initiate platelet
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adhesion. Different polymer surfaces are selective in the proteins 
that they absorb. From the detailed analysis of the extent of 
platelet adhesion and the nature of the adsorbed protein layer 

suggests that platelets adhere to adsorbed fibrinogen and gamma 
globulin molecules. These adsorbed proteins form a complex

structure between their incomplete heterosaccharide moieties and the 
glycosyltransferases present on the platelet membrane. As albumin 
does not have any such moieties it does not promote platelet adhesion. 
Also from studies done in vitro by Lee e t  a l  (1974) it has been shown 
that thrombogenic polymers tend to adsorb fibrinogen and gamma globu­

lin from mixed solutions with albumin, but non-thrombogenic polymers 
such as polyether urethanes adsorb albumin preferentially.

The events leading to thrombogenesis takes place rapidly perhaps 
in a matter of minutes but the adsorption of plasma protein takes sev­
eral hours to reach equilibrium. The extent of changes in the initi­
ally bound adsorbed layer reflects the chemistry of the polymer. If 
the polymer is inert then it will have a minimal response to its surr­
oundings.

A study on segmented polyurethanes by Russell e t  a l .  (1981) 
showed that increasing hydrophillicity resulted in decreased reactiv­
ity with adsorbed protein and hence with platelets, provided no forma­
tion of hydrogen bonds or other polar interactions occurred, in the 

structure of the polymer. It is also shown that an increase in the 
side chain length of acrylates and methacrylates increases their 

capacity for hydrophobic interactions with adsorbed plasma proteins 
which is responsible for the increased platelet reactivity to these 
polymers. This shows that protein modifies the surface of the



3

foreign material and hence plays a key role in determining the biocom­
patibility of a material.

1.2 EFFECTS OF PROTEIN ADSORPTION ON THE ELECTRICAL CHARGES
The electrical charge on the surface of the polymer was origin­

ally thought to be of importance because of the naturally occurring 
negative potential on the vascular surface. Hence efforts were made 
to correlate the zeta potential of different polymers in contact with 
Ringer’s solution with the thrombogenicity of the surface but Leinin- 

ger e t  a l .  (1964, 1968) showed that such a correlation could not be 
established as the initially negative zeta potential of the polymer 

shifted rapidly when exposed to blood, due to the adsorption of blood 
proteins on the polymer surface.

Horan e t  a l .  (1950) and Bull (1962) also studied zeta potential 
and electrophoretic behaviour and demonstrated that the charge on a 
surface does get affected by adsorption of proteins. For example a 
polymer can find its surface charge not only neutralized but reversed 

when it adsorbs an excess of albumin, so that when it appears to be 

coated with a layer of protein it has the same electrophoretic 
mobility as the bulk protein.

Therefore adsorption of proteins modifies the interaction of the 
artificial surface with the cellular elements. Hence certain thromb- 
ogenic polymers can be made compatible if a layer of serum albumin is 
attached to it before being exposed to blood. This method of passi­
vity of otherwise incompatible surfaces has shown some promise in the 
synthesis of prosthetic materials.

As it is generally accepted that the vascular wall lining is an 

anionic mucopholysaccharide (Lyman 1966, 1968; Sawyer et al. 1964),
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therefore clot initiation on foreign surface can also be attributed to 

ionic charges provided by the surface. Lyman (1968) has reported 
that anionic surfaces retard or eliminate clotting.

1.3 EFFECTS OF PROTEIN ADSORPTION ON WETTABILITY
Wettability, which is another surface characteristic, was also 

investigated. Lampert (1930) determined that the coagulation time of 
blood on a variety of surfaces - glass, metal, paraffin etc., is 
inversely proportional to the wettability of the surface by water or 
other liquids. However, On glass surfaces which are quite wettable, 

coagulation occurs much faster than on a surface coated with the 

relatively non-wettable paraffin. Moreover, Rose & Broida (1954) 
from their findings of whole blood clotting time on a variety of 
surfaces concluded that Lampert’s simple concept does not hold. Ross 
e t  a l . (1961) also showed the inadequacy of the concept of Lampert 
relating clotting to the wettability of the surface. Since several 
substances can be adsorbed on the surface therefore it is not possible 

to simply correlate wettability with clotting time.

Adsorbed proteins also tend to affect the wettability of various 
interfaces. Some proteins such as thrombin and fibrinogen when 
adsorbed decrease the wettability of high energy surfaces and increase 
the wettability of low energy polymeric materials (Vroman, 1962; 
Vroman e t  a l .  1971).

Ghosh e t  a l .  (1964) have shown that if adsorbed protein films 
cannot be easily removed then it indicates that hydrogen as well as 

hydrophobic bonds are involved. However, if only hydrophobic bonds 
are involved, for example, when adsorption of protein occurs on 
paraffin, then they can be easily removed.
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Andrade (1973) has related adsorption of proteins to interfacial 

free energy and suggests that adsorption of plasma proteins occurs 
when interfacial free energy between the implant surface and the blood 
is high. In the absence of high interfacial free energy such adsorp­
tion would not occur and the materials exhibiting these properties 
would be non-thrombogenic. Andrades hypothesis about minimum inter- 
facial free energy led to the development of hydrogels for blood 
compatible prosthesis. Although successfully used for various 
medical applications such as drug delivery systems and for soft tissue 

implants they have not provided a complete answer to the development 
of ideal long-term vascular prostheses. This is also at least partly 

connected with their other properties such as mechanical strength. 
Hydrogels are known to be mechanically weak and so not suitable for 
implants which take a lot of strain. Glass which interfaces well 
with saline solution and is wetted by blood is found to be thrombo- 
genic and this has been used by some researchers to cast doubt on the 

concept of interfacial free energy being responsible for thrombogen- 
icity. However, even though the glass is wetted by blood, the inter­

facial tension between glass and blood need not be low and probably 

lies between the surface energy of glass/air (~ 500 mjm-2) and water/ 
air (72.8 mjm-2).

1.4. THE EFFECTS OF DESORB ABILITY

From studying desorbability of proteins from solid surfaces into 
pure buffer it has generally been concluded that desorption from 
hydrophobic surfaces does not occur (Brash & Lyman, 1969; Morissey et 
al., 1977; MacRitchie, 1972). Desorbability from hydrophylic
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surfaces has been shown to depend on conditions of pH relative to the 
isoelectric point. Desorption of albumin from silica has been shown 

(Macritchie, 1972) to occur at pH values far removed from isoelectric 
point . Also Coleman et a l .  (1976) have shown that preformed albumin 
layers on glass and polystyrene are considerably depleted after 24 hr 

in contact with plasma. Whether the original albumin is replaced by 
albumin or other protein is not indicated. However the existence of 
a turnover process is interesting with respect to blood surface inter­
actions. Therefore Brash et a l . (1978) studied the effect of flow 
and solution concentrations on the turnover of albumin adsorbed on 

polyethylene. They studied surface concentration as a function of 

time of contact. The basic method used to determine the turnover 
was by allowing adsorption to attain steady state using one form of 
labelled protein 1125 and then changing to the other form without 

changing the concentration. The extent of turnover was determined by 
the decrease in the second form on the surface. The results from the 
loss and gain curves indicated that there is a fraction of the surface 
layer which is exchangeable and the remainder is not. The exchange­

able fraction increases with concentration. This was attributed to 
the large number of binding possibilities between a heterogeneous 
polyethylene surface and a protein molecule. These would range from 
various van der Waals attraction to hydrogen and covalent bonding. 
However their results stressed the dynamic character of protein 
adsorption and suggested that surface concentration could change in 
composition with time thus indicating that thrombus formation is 
influenced by the slight changes in plasma protein composition of the 
adsorbed layer.
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The work described later in this thesis suggests that the reason 
for this is that the molecules which adsorb initially are irreversibly 

denatured while those arriving later when the surface is nearly satur­
ated adsorb in a conformation which is close to the native state. It 
is these molecules which exchange easily. The work leading to this 
conclusion is described in Chapters Four and Five.

Therefore to understand biocompatibility, it is not only essen­

tial to determine the relationship between the nature of the adsorbed 

protein layer and the biomaterial but also the nature of the bound 
protein layer, in particular whether the protein layer is simple or 

multilayered, and whether adsorption is reversible or not. Also the 
conformational state of the adsorbed protein molecule is important as 
it will ultimately determine the extent of the native like appearance 
of the protein covered implant.

1.5 CHARACTERIZATION OF THE ADSORBED MONOLAYER

It has been suggested by Lyman et al. (1971) and Brash et al.

(1969) that the adsorbed monolayer of individual proteins on hydro- 
phobic surfaces approximates in thickness to one of the linear dimen­
sions of the intact globular molecule, indicating that protein adsorbs 
with minimal conformational change. William & Bagnall (1981) attemp­
ted to explain this by considering adsorption to be multilayered so 

that an unfolded monolayer backed by an intact globular monolayer 

might be experimentally indistinguishably from a simple intact globu­
lar monolayer.

From competitive adsorption experiments of the major plasma pro­
teins it has been shown that fibrinogens dominate the adsorption phen­
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omenon on hydrophobic polymers (Lee e t  a l .  1974; Vroman e t  a l .  1967). 
The concentration of fibrinogen, albumin and 7-globulin in plasma are 

in the ratio of 4:46:12 and their molecular weights are 340,000: 
69,000:150,000 respectively. As initial adsorption is controlled by 
the diffusion process, it would be unfavourable for the fibrinogen 

molecule to be adsorbed faster because of its low concentration and 
high molecular weight. William & Bagnall also explained these 

results by assuming the formation of a protein double layer instead of 
a single intact globular layer. This would mean that an unfolded 

first layer and an outer layer of globular protein is formed. The 

ability of fibrinogen to unfold on adsorption would then promote 
contact between individual molecules, a process that would not occur 
in an intact globular molecule. The rate and degree of unfolding of 
an adsorbed fibrinogen molecule are also dependent on the surface on 
which they are adsorbed. Unfolding may be hindered due to the 

presence of other adsorbed molecules such as albumin and 7-globulin 
thus desorbing them and giving a fibrinogen dominated surface film. 
It is observations of this kind which stressed the importance of 

understanding the whole process of adsorption from the initial fully 
unfolded state to the equilibrium configuration.

1.6 CHARACTERISTICS OF A BI000MPATIBLE POLYMER

The list of polymers tried or used in medical applications is 
extremely long and they are diverse in nature, therefore it would be 
unlikely that the mechanism of blood compatibility would be the same 
for each type. Baler e t  a l .  (1970) carried out an important series 
of experiments in which the surface characteristics of several implan­
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tab le  m ateria ls was studied . C r itica l surface ten sion , spreading 
pressure and infrared in ternal r e f le c t io n  spectra were obtained before  
and a fte r  im plantation. He suggested that a t le a s t  three d iffe r e n t  
mechanisms can be correlated  with thromboresi stance of various 
m ateria ls.

1. I n tr in s ic a l ly  low energy surfaces, such as obtained with  
ta llow  p olish ed  s t e l l i t e  which apparently r e s is t  thrombus forma­
tio n  because of an erosion  r e s is ta n t, biocom patible coating of 
c lo s e ly  packed methyl groups.
2 . In tr in s ic a l ly  high energy surfaces, such as diamond which 
rap id ly  adsorb th in  protein  film s from blood and convert th eir  
su rfaces to a  thromboresistant low energy character.
3 . M aterials w ith desorbable surface a c tiv e  agents (su rfac­
ta n ts , heparin albumin e t c . )  so that they w il l  slow ly and con­
tinu ou sly  leach in to  adjacent liq u id  phases and thus shed throm­
bus precursors as w e ll.
However in  a l l  three instances, a proteinaceous layer u su ally  

d ep o sits  on implant m ateria ls rapidly and spontaneously and i t  i s  th is  
layer which determines subsequent substrate r e a c t iv ity  to blood.

1.7 AIMS OF THE PRESENT WORK
The view that b iocom p atib ility  of polymeric m aterial i s  grea tly  

in fluenced by p rotein  adsorption formed the b asis of the work d escr i­
bed in  th is  th e s is . Adsorption of proteins is  a slow process and i t  
takes severa l hours before i t  reaches equilibrium . However, thrombo- 
g en esis  in  implants when exposed to blood occurs w ith in  seconds or
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minutes suggesting that i t  occurs under non-equilibrium  con d ition s. 
The experiments of Baier e i  a l .  highlighted  the importance of in te r -  
fa c ia l parameters and suggested that ideal biocom patible m ateria ls  
should present a low in te r fa c ia l tension to blood. I f  the in te r fa c -  
ia l  tension  i s  high e ith er  because the implant has very high or very 
low tension  compared with blood, adsorption of p rotein  w il l  occur a t  
the s o lid /l iq u id  in terface  which reduces the in te r fa c ia l tension  and 
hence renders the in terface  more compatible.

The conclusions of various workers are often  not c o n sis ten t and 
in  ad d ition  few have in vestiga ted  the changes which occur when pH i s  
varied . Since protein s are p o ly e lec tro ly tes  i t  i s  to be expected  
that some conformational changes accompany changes in  pH of the 
medium. The e f f e c t s  of th is  parameter were therefore included in  the 
present work. The d i f f i c u l t i e s  associa ted  with making measurements 
a t s o lid / l iq u id  in ter fa ces  which are evident from the experiments of 
Baier e t  a l .  suggested that more d eta iled  study might be p o ss ib le  by 
working a t liq u id /liq u id  in ter fa ces . Changes in  the surface and 
in ter fa ce  tensions of HSA so lu tio n s, as various parameters were 
varied , were studied  using a number of techniques which are d iscussed  
in  Chapter Three. These observations showed the importance of inde­
pendent surface concentration measurements. Surface rh eo log ica l 
techniques o r ig in a lly  devised to study simple surfactant so lu tio n s a t  
air/w ater  surfaces were modified to be used a t l iq u id /liq u id  in te r ­
faces and applied to the study of th is  protein . The molecule under­
goes many complex changes which are re flec ted  in these measurements. 
They are described in  Chapters Five and S ix.
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CHAPTER TWO

THE STRUCTURE AND CHARACTERISTICS OF ADSORBED PROTEIN FILMS
2.1 INTRODUCTION

P roteins are one of the major c la ss  of compounds found in  a l l  
l iv in g  m atter. They are natural polymers of high molecular weight 
having chem ically complex subunits, the amino a c id s . Amino ac id s  
are m olecules w ith an average molecular weight of about 120, each of 
which has an organic acid  group and a b asic  amino group -NH2 . The 
a c id ic  and b a sic  groups are attached to the same carbon leading to the 
formula

NH2 0I IIR —  C —  C —  OH
IH

Two amino acid  molecules react to elim inate a m olecule of water 
thereby forming a peptide bond. Schem atically th is  i s  represented
as*

r 2 H
IC
—  C —  OH

IIo
NH2 0 NH2 0

I II I IIRj—  C —  C + R2—  C —  C

H OH H OH NH2 0 peptide bond

The peptide bond formed is  very stab le  and the resu lta n t molecule i s  
ca lled  a dimer or d ipeptide. When more amino acid  m olecules are
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attached to the chain they are ca lled  p o lyp ep tid es. N aturally  
occurring chains which include more than 50 subunits are c a lle d  
p ro te in s . Each type of protein  has in i t s  n ative  s ta te  a character­
i s t i c  three dimensional shape, referred to as i t s  conformation. 
Proteins can be placed in  two major c la ss e s , depending on th e ir  
conformation, v iz .  a) fibrous protein  and b) globular p ro te in .

2 .1 .1 .  Fibrous proteins
These are inso lu b le in  water or in d ilu te  s a lt  so lu tio n s , and 

c o n sis t  o f polypeptide chains arranged in a p a r a lle l fash ion  along a  
s in g le  a x is ,  to y ie ld  long fib res  oy sh eets. They are gen era lly  
a sso c ia ted  w ith structural functions.

2 .1 .2  Globular proteins
These c o n s is t  of polypeptide chains that are t ig h t ly  folded in to  

compact sp h erica l or globular shapes. Generally the m olecule has 
polar groups on the surface whereas the in ter io r  c o n s is ts  of non-polar 
hydrophobic groups. Globular proteins normally have m etabolic func­
tion s for example as enzymes or as transport p rotein s.

2 .2  PLASMA PROTEINS
There are three major plasma proteins: albumin, g lob u lin  and

fibrinogen . From x-ray d iffr a c tio n  stu d ies albumins are c la s s i f ie d  
as globular p ro te in s . Fibrinogen as fibrous and g lo b u lin s , un lik e  
other p ro te in s , are found to e x is t  in e ith er  a fibrous or globular  
s ta te  (Putnam 1975).

The p rop erties of a protein  are mainly determined by the sid e  
chains, and thus by the nature and sequence of the amino acid  residues
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which g iv es  the primary structure. With the exception of p ro lin e  and 
hydroxiproline, a l l  amino acids have the L -configuration . The a -car-  
bon i s  asymmetric -  th is  i s  re flec ted  in the s te r ic  stru ctu re of the 
protein  m olecule which c o n stitu te s  the secondary structu re.

I t  has been demonstrated for many proteins that an a -h e l ic a l con­
fig u ra tio n  i s  favoured, and a number of proteins found in  nature (myo­
g lob in , albumin, myosin, co llagen , tropomyosin, a-lactalbum in, fl-case- 
in ) appear to confirm, e ith er  wholly or in part, to such a  c o ile d -  
spring stru ctu re . The shape of the h e lic a l pattern (F ig . 2 .1 )  i s  
formed by the hydrogen bonds. Here hydrogen, bound co v a len tly  to 
nitrogen or oxygen, tends to form weak bonds with other oxygen or 
nitrogen atoms. Other atoms are a lso  capable of p a r tic ip a tin g  in  
hydrogen bonding, but the NH —-0< type i s  the most important in  
p ro te in s . In the a -h e lix  configuration, each amino ac id  i s  bound to 
each fourth one by a hydrogen bond (F ig. 2 .1 ) .  The h e l ix  conforma­
tion  preem inently provides for maximum hydrogen bonding which main­
ta in s the c o ile d  spring pattern , which g iv es  a minimum d is to r t io n  of  
bond lengths and bond angles in  the peptide chain.

Some p rotein s contain no a -h e lica l segments. Instead, they have 
many resid u es that are in  an extended, z ig -zag  conformation of the 
polypeptide chain. This has been designated the /^-conformation. 
P ara lle l chains in the ^-conformation form structu res, c a lle d  p leated  
sh eets , which are cross-lin k ed  by interchain hydrogen bonds (F ig .2 .2 ) .

More d e c is iv e  for the properties of a protein  are a number of 
other bonds a r is in g  from the side chains, e .g . covalent d isu lphide  
bridges between two cy ste in  residues, hydrophobic bonds between r e s i ­
dues such as g ly c in e , leu cin e, iso leu cin e , va lin e  e tc . and s a l t  brid­
ges between charged groups of opposite sign . These bonds determine



14

i

Fig. 2.1The a -h e lix  configuration (S te in er  1968).
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Fig- 2
,  ̂ jv,railei chains (b) antiparallel2 The ^-configuration (a) pa 

chains (Steiner. 1968).
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how the c o lle d  backbone i s  bent and folded in to  the u ltim ate protein  
con figu ration  ( te r t ia r y  stru ctu re). The plasma p rotein  in vestig a ted  
here i s  albumin.

2 .2 .1  Albumin
Compared with other plasma p rotein s, serum albumin i s  found in  

abundance and in  r e la t iv e ly  pure form. I t  c o n stitu te s  60 ± 4% of the 
to ta l serum p rotein  and i s  o ften  regarded as a  more or le s s  homogene­
ous p ro te in  (Eugene). Albumin does show some micro heterogeneity  
which has been detected  by e lectrop h oresis around pH4. I t  a lso  con­
ta in s about 2-3% of other polymeric forms. The p ro te in  content of 
blood may increase under some pathological con d ition s.

R ecently as many as 20 albumin v a r ie t ie s  have been detected  
(A llen , 1977). However the physico chemical p rop erties are sim ilar  
in  a l l  sp e c ies  from which i t  has been iso la te d  (Putnam, 1975) and 
therefore i t  has been a  model protein  for physical chem ists who have 
studied  i t s  bulk behaviour by every a v a ila b le  technique making i t  one 
of the most w idely characterised  p rotein s.

2 .2 .2  P h ysio log ica l ro le s
Serum albumin has numerous p h ysio log ica l r o le s . I t  i s  mainly 

responsib le  for maintaining the osmotic pressure of the blood and for 
transportation  of various substances. I t s  normal le v e l in  blood i s  
42 ± 3 .5  gm l i t r e -1 . In fa c t i t s  normal le v e l in  blood i s  a measure 
of h ea lth . Only about 40% of the to ta l albumin i s  normally found in  
c ir c u la tio n , the remainder i s  found in the extra vascular regions. 
About 5% of i t  i s  found leaving the blood every hour and i s  then main
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ly  returned by the thoracic duct during the next 24-28 hrs. D is tr i­
bution of albumin in  the body is  shown in  Table 2 .1 .

Table 2.1
D istr ib u tion  of Albumin in  the Body

Organ Amount
(gm/70-kg man) Concentration  (gm/kg organ)

VascularBlood 140 24
Ex t ravascu larMuscle 50 2 .3Skin 40 7 .7Liver 2 1 .4Gut 8 5Other t is su e s 110 (3 )
Total extravascular 210Total body 350

Estimated from iso to p ic  and immunochemical data of 
R othschild e t  a l .  (1955), Humphrey e t  a l .  (1957), Dewey (1959), and Katz e t  a l .  (1970).

2 .2 .3  Composition of Albumin
Serum albumin c o n s is ts  of a s in g le  polypeptide chain of 584 amino 

acid  resid u es. I t s  structure was mainly proposed by Brown and h is  
co-workers (1974; 1975), although there are other independent co n tr i­
butions, Shearer e t  a l . (1967), King & Spencer (1972), Meloun e t  a l .  

(1972) Kusnir e t  a l .  (1973a), Kusnir e t  a l . (1973b), to the e lu cid a­
tion  of the sequence of amino acids residues in the peptide chain. 
I ts  molecular weight as determined from the various com position and 
sequence data ranges from 66,460-69,000 dal tons. The structure of
albumin revea ls that high le v e ls  of glutamic acid , a sp a rtic  acid  and
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ly s in  cause the molecule to be polar. Compared to other p rotein s i t  
has a high cy stin e  content but le v e ls  of methionine, typtophan, is o ­
leucine and g ly c in e  are low (P eters, 1970). Pure albumin i s  colour­
le s s  but concentrated so lu tion s of human albumin prepared from homog­
enized blood may be yellow  due to traces of hematin that are d i f f i c u l t  
to remove (Rosenfeld e t  a l .  1950). Albumin i s  known to have one s u l-  
phydral group and has 17 inner chain disulphide bonds but i s  devoid of 
carbohydrates (Eylar, 1965). I t  e x is t s  in  m ultip le loop form which 
i s  responsib le  for i t s  f l e x ib i l i t y  or conformational adaptab­
i l i t y .  Amino acid  sequence of bovine and human serum albumin i s  shown 
in  F ig s. 2 .3  and 2 .4 .

2 .2 .4  Phvsiochemical properties
The hydrodynamic p rop erties of albumin have been determined in  

d e ta il  (Hughes, 1954; Longsworth 1949). Sedim entation, d iffu s io n ,  
v is c o s ity ,  lig h t  sca tter in g  and several other methods have been used 
in  these s tu d ie s . The data obtained in d icate  that the molecule i s  
asymmetric, an e l l ip s o id  of rotation  with a large a x is  of 14 nm, and a  
short a x is  of 3 .8  nm.

Albumin i s  one of the most so lu b le plasma p ro te in s , so lu tio n s  
contain ing up to 30 per cent of albumin can be prepared. The high  
s o lu b il i ty  of albumin i s  probably connected with the large number of 
ion izab le  groups present in  the molecule. At the is o e le c t r ic  pH 
there are more than 200 p o s it iv e  and negative charges d istr ib u ted  over 
a molecule which g ives i t  a hyd rop hillic  character. Since the number 
of carboxyl groups i s  somewhat larger than the basic  group, the is o ­
e le c t r ic  poin t i s  a t the lower pH of 4 .7  (Hughes, 1954).
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Fig. 2.3 Amino acid sequence of bovine serum albumin, displayed in a 
model showing the proposed linking of cystines to form mult­
iple double loops. The sequence is complete except for 
residues 400-402, the residues Phe-Gln-Asn, respectively, 
were assigned to these sites by analogy with the sequence of 
human albumin. From Brown (1975). Reprinted from Fed.  
Proc.  34, 591 (abstr. 2105), 1975.
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Fie; 2 4 Amino acid sequence of human albumin displayed, like Fig.
2.3. in a model showing the proposed alighnment of cystine 
bonds. Residues assigned by analogy with bovine a }bu™ ™  
shown in lower case letters. From Behrens e l  a t .  (19/5). 
Reprinted from F e d . P r o c .  34. 591 (abstr. 2106). 1975.
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At this pH the molecule is observed to be in a compact state 
possibly due to the strong associative forces between some of the 
loops. It is likely that association of the loops forms globular 

parts or domains and a model showing a linear arrangement of such 
chains has been proposed by Anderson e t  a l .  (1969).

The size and shape of the albumin molecule is somewhat dependent 
on pH. When change in pH occurs from 4.5-3.5 there is a reversible 
expansion of the molecule. It probably begins as a separation of 
domains. Primary separations into two (Slayter, 1965), three (Bloom­
field, 1966) or four (Weber e t  a l .  1964) domains have been suggested. 
The separations become longer and more asymmetric without a change in 
molecular weight (Champagne, 1957). The helical content decreases 
and the molecule unfolds so that the interior parts become accessible. 
With the exposure of hydrophobic regions the molecule becomes less 

soluble in aqueous solutions and more soluble in ethanol (Levine, 
1954). The full expansion of the molecule occurs in strong acid or 
8M urea (Kauzman e t  a l .  1953).

A conformational change also takes place in the alkaline pH 

region. Here alteration in size and shape begins to occur at pH9 

(Stroupe e t  a l .  1973). As the pH rises to 11.4 the molecule unfolds 

to expose 11 of the total 18 or 19 tyrosines and is similar to the 
behaviour in acid (Steinhardt e t  a l .  1973).

The accessibility of the 17 S-S bond to reduction or oxidation 
varies with pH. (Disulphide bonds do not react between pH5 and 7 not 
even in reagents as strong as 0.2M thioglycolate (Alexander e t  a l . 

1960). In either acid or alkaline conditions the S-S bonds become 
progressively more reactive causing gradual unfolding. For complete
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reduction, denaturing agents are required (Hunter e t  a l . 1 9 5 9 ) .  The 
reduced and carboxy methylated molecule behaves hydrodynamically as a 

thread about 2 1 4 0 i  in length with complete random structure but with­

out change in molecular weight (Tanford e t  a l .  1 9 6 7 ) .

The sulphydryl group is not readily oxidized between pH5 and 7. 
However it reacts with L-cystein and L-cystine to form mixed disul­
fides under alkaline conditions. The rate of reaction is maximal at 

pH8.1 (Edward e t  a l .  1969).
The titration curves of albumin obtained by Tanford (1962) in the 

pH range 2-12 are found to be a composite of the ionizable groups of 
the constituent amino acid residues. The curves are steep in the 
acid region but flatten near neutrality where only imidazole groups 
are either giving or losing protons. Thus, albumin is a strong buff­
er at pH4 or 10 but a weak one at pH7. The slope of the curve in the

+pH7 region is about 7.3 H per pH unit, therefore about 0.24meq of 
NaOH are required to adjust a solution containing 1 gm of albumin from 

pH5.2 to 7.4. In normal plasma, the contribution of albumin to the 

buffer value is 4.8 meq per litre per pH unit change.
The isoionic point of albumin is near pH5.2. It is also the pH 

of maximum total charge about 101 +ve and 101 -ve charges. Albumin 
associates with a large number of compounds having greater affinity 
for anions as compared to cations. Substances such as fatty acids 

and bilirubin are highly insoluble at neutral pH and their presence in 

plasma is only due to their binding affinity to albumin. Albumin 
also binds to thyroxine and numerous steroid hormones. Many drugs 
and organic dyes also bind to albumin (Putnam, 1975). The study of 
drug binding is gaining importance as it provides a more scientific 
basis for the estimation of drug dosage.
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Albumins are good antigens and though the number of antigenic 
sites in an albumin molecule is not certain at least 7 are known to 

exist from the precipitation data of Kabat e t  a l .  (1937). The con­
formational changes tend to expose or create additional sites.

2.2.5 Synthesis of Albumin
Albumin is synthesized almost exclusively by the liver and only 

in trace amounts by the thyroid glands (Miller e t  a l .  1951; Otten e t  

a l .  1971). Although the liver is the source of albumin there is less 
than 2 gms of albumin stored within it. Even this is mostly in the 
liver lymph as the content in the "true” cytosol has been estimated at 
50 /ig/gm liver or less (Gordon e t  a l .  1961; Peters, 1962a). Approx­
imately 17 gm/day of albumin is synthesized. The daily degradation 
rate is about 14 gms which is about 10% of the total protein replaced 
in the body.

Albumin is considered to be an old protein in terms of phylogen­
etic history and is known to occur as far back in the evolutionary 
scale as the teleost fishes. Its unit evolutionary period has been 
estimated as 2-3 million years (Wallace e t  a l .  1972). In the few 

instances in which the albumin of earlier forms have been studied 

their properties were noted to be quite similar to those of mammalian 
albumin (Masat e t  a l .  1968).

2.3 GENERAL ASPECTS OF ADSORPTION OF PROTEINS
Adsorption of polymers and especially of proteins at various 

interfaces is of major importance in biology and technology. Unfor­
tunately investigation of the structure and functions of proteins and
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polypeptides i s  much more d i f f ic u l t  a t  in terfaces than in  the bulk of 
the so lu tio n . Therefore few stu d ies have been conducted a t in ter ­
fa c es . Of the three in terfaces namely the a ir / l iq u id , l iq u id /liq u id  
and liq u id /s o l id  that have been studied the a ir / l iq u id  in ter fa ce  has 
been most w idely in vestig a ted .

2 .3 .1  Adsorption a t a ir / l io u id  in terfaces
E xtensive early  work on protein  film s was carried  out by Langmuir 

(1938, 1939), Harkins (1940, 1944) and Gorter (1941). Most of th eir  
stu d ies  were conducted on enzymes a t the air/w ater in ter fa c e  for very 
d ilu te  surface concentration. The film s formed corresponded to 'gas­
eou s’ film s so that the re la tion sh ip  between pressure ( t) and area (A) 
could be described by a two-dimensional gas equation. Minimal in ter ­
a c tio n  was found between the adsorbed m olecules. When compressed the 
film  pressure increased very rapidly as the film  became c lo s e ly  packed 
and the surface concentration (T) corresponded to about 1 mgm"2 . The 
th ickness was found to be approximately equivalent to that of a s in g le  
polypeptide chain. Hence the adsorbed protein  m olecules in  the gase­
ous film s are unfolded with their polypeptide chains orien ted  approxi­
mately f la t  in  the plane of the surface with the h y d ro p h illic  sid e  
chains towards the aqueous phase and the hydrophobic s id e  groups away 
from i t .  Such con figu ration s, being the equilibrium  con figu ra tion s, 
minimize the free  energy of the system. Under these con d ition s, 
where m olecules have minimal in teraction  with each other, they tend to 
loose th e ir  enzymic a c t iv ity  and i t  i s  not regained upon compression 
of the film . However, lo ss  of a c t iv ity  i s  not observed when molec­
u le s  adsorb a t an in terface  already occupied by a c lo se  packed film  of 
p rotein  m olecules (James e t  a l . 1966).
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Upon compression of d ilu te  film s, the film  pressure in creases  
g r ea tly  as the surface concentration i s  increased above 1 mgm-2 (x  > 
lmNm-1 ) . Further compression leads to the co llap se  o f the film  (a t  x 
> 15-20 mNm'1) and eventually  to the formation of a m icroscopic 
thread. The p rotein  film s do not ex h ib it phase tra n s it io n s  (e .g .  
liq u id  expanded, liq u id  condensed, so lid )  comparable to those  
described for lip id  film s. Instead, the c lo se  packed p rotein  film s  
have coherence and e la s t i c  properties most c h a r a c te r is tic  of a g e l .  
In general, there i s  l i t t l e  h y steresis  observed when x vs A curves are  
p lo tted  for compression and expansion of c lo se  packed film s. Bull 
(1947) has measured the surface aging of a compressed film . He 
attr ib u ted  the changes in  x to e ith er  slow dehydration of the film  or 
so lu b iliz a t io n  of low molecular weight fragments in  the support 
so lu tio n .

According to Augenstein e t  a l .  (1958), when film s o f higher con­
cen tra tion  are formed th eir  film  pressure measured for a  g iven  surface  
concentrations are far le s s  than that determined when a  d ilu te  film  i s  
compressed to g iv e  the same concentration. These r e s u lts  are an 
in d ica tion  that ir r ev e r s ib le  conformational changes occur in  d ilu te  
f ilm s . From th eir  experiments with trypsin  they found that i f  2 mg 
of trypsin  i s  spread on 1 m2 of 15% (NH4) 2S04 the film  pressure meas­
ured a fte r  5 min is  4 .5  dynes/cm. By contrast i f  0 .6  mg i s  spread on 
1 m2 of th is  so lu tio n  and within 1 min the film  i s  compressed to 0 .3  
m2, a x of 12 dynes/cm i s  observed a fte r  5 min which c le a r ly  shows 
that the d ilu te  film s when c lo se  packed are le s s  com pressible than the 
concentrated film s in a comparable concentration range (se e  F ig. 2 .5 ) .  
Augenstein e t  a l .  (1957) a lso  observed surface aging by concentrated
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Fig. 2 .5  The film  pressures produced by spreading and compressing trypsin  film s on pH4.5 ammonium su lfa te  (15%) support 
so lu tio n . There were 10 mins, between spreading and the f i r s t  compression and then 5 mins, between su ccessive  compressions and measurements of T. Each curve in d ica tes  the r e su lts  for 6-8 compressions of one film . The number of parentheses are values of com p ressib ility  for each film , the numbers a t the right show how much trypsin  was spread over 1 m2 of surface in i t i a l ly  (Auganstein e i  a l . 1958).
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film s and measured changes in the values of r  for 3 days. They a lso  
recorded large h y ste re s is  when concentrated film s are expanded and 
then compressed. However i f  they are expanded to surface concentra­
tio n s le s s  than 1 mgm"2 then complete unfolding o f the m olecules 
occurs to g iv e  d ilu te  film s and the t-A curves thus obtained upon 
compression were found to be typ ica l of the gaseous type of f ilm s, 
in d ica tin g  that conformatoinal changes must occur a t  the in ter fa ce .

2 .3 .2  Adsorption a t s o lid /l ia u id  in terfaces
The lite r a tu r e  pertain ing to the study of p ro te in  adsorption a t  

s o l id / l iq u id  in ter fa ces  presents much evidence for conformational 
changes accompanying adsorption but no c lear  p ictu re for the adsorp­
tio n  mechanism has y et been developed.

Ulman et al.  (1952) gave some b asic  concepts of polymer adsorp­
tio n  on s o lid  su rfaces. They observed that only a fra c tio n  of the 
polymer i s  adsorbed and concluded that the amount of adsorption  
depends on the in tera c tio n  between the polymer and the so lven t as w ell 
as on the in tera c tio n  between the so lvent and the s o l id  adsorbent. 
Adsorption i s  high from poor so lvent as compared from good so lv en ts . 
The nature of the surface of the adsorbent i s  a lso  found to a f fe c t  the 
rate  of adsorption. Information about rates of adsorption and unfo l­
ding o f p rotein  molecules a t the liq u id /so lid  in terface  i s  le s s  exten­
s iv e .

Bull (1956) found that the adsorption of bovine serum albumin at  
concentrations of 0.037 and 0.185% was nearly complete a fte r  5 mins. 
He b e lie v e s  that the rate of protein  unfolding fo llow ing adsorption on 
a s o lid  surface with fixed  binding s i t e s  might be much le s s  than the
rate a t  the a ir/w ater or o il/w a ter  in ter fa ce .
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Sorbo (1961) studied the e f fe c t  of charges on adsorption of pro­
te in s  on s o l id s .  Maximum adsorption of egg albumin, methmyoglobin, 
oxyhaemoglobin and lysozyme on calcium phosphate g e l surfaces was 
found to take p lace a t th eir  is o e le c tr ic  pH. Z it t le  (1953) reviewed 
the e f f e c t s  o f prior adsorption-desorption on the a c t iv it y  of enzymes 
using chromatography. He adsorbed b acter ia l amylase, proteases and 
p ectin ases on whiting (a pulverized chalk). He sta ted  that "there 
seems to be no instance in which an eluted  enzyme was shown to be 
in active" . Clauser (1954) a lso  studied various p rotein s including  
ribonuclease and hypophyseal growth hormone and have reported no lo ss  
of a c t iv i t y  a fte r  repeated adsorption and e lu tio n s  on c e llu lo s e  
columns. However. McLaren (1963) who b r ie f ly  reviewed the k in e tic s  
of enzymic reaction s a t  so lid  surfaces, found that adsorption of 
enzymes onto s o lid  surfaces in  some cases did reduce the c a ta ly t ic  
a c t iv it y .  An important reason for d ifferen ces in  enzymic a c t iv it y  
measured in  bulk so lu tio n  and a t so lid /w ater in ter fa c es  i s  the 
d is tr ib u tio n  o f ions near the surface which are gen era lly  charged. 
From the adsorption isotherms of serum albumin and 7-g lo b u lin  obtained  
by Bull (1957), Orveskes et al. (1961), and Hlady et a l . (1979) the 
ex isten ce  o f two d iffe r e n t modes of adsorption has been suggested. 
One operating a t low, the other a t higher protein  concentration, 
r e sp e c tiv e ly . The resu ltin g  phenomenon a t the lower concentration  
mode occurs due to random independent adsorption w hile the higher 
concentration  mode i s  due to cooperative adsorption.

Morrisey et al. (1976) attempted to pred ict changes in  protein  
adsorption a t  s o lid /l iq u id  in terfaces by analogy with models of f le x ­
ib le  c o i l  m olecules. They a lso  showed that two d iffe r e n t modes of
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adsorption e x is t .  One a t low surface coverage where conformational 
f la tte n in g  of the molecule occurs and the second a t  high surface  
coverage. Here the protein  adsorbs in  a more compact apparently  
n ative  configuration . Unlike the s itu a tio n  for f le x ib le  polymer 
chains the conformational tra n sitio n  in protein  adsorption on so lid  
surfaces i s  d iscr e te  rather than gradual. Their model p red ic ts  that 
m ultilayer adsorption i s  rare. Further Morrissey & Han (1976) 
suggested that in i t i a l l y  adsorbed molecules of p rotein  do not ex h ib it  
conformational adjustments to permit the accommodation of ad d ition a l 
m olecules. This showed that in i t ia l  adsorption i s  ir r e v e r s ib le .

This resu lt  i s  con sisten t with work by Absolom et al.  (1984) who 
found, from adsorption isotherms, e lectrop h oretic  m ob ility  and d if fu ­
sion  r a te s , adsorption of BSA molecules on g la ss  i s  a lso  bimodel. 
The m olecules are oriented  v e r t ic a l ly  and have a ltern a tin g  p o la r i t ie s .  
E le c tr o s ta t ic  a ttra c tio n  e x is t s  between the protein  molecule which are  
p artly  dehydrated on adsorption. However, the in flu en ce of pH has 
not been d iscussed  although th is  could be expected to  in flu en ce the 
conformation.

Adsorption of albumin and fibrinogen on cuprophan (regenerated  
c e l lu lo s e ) ,  s i l a s t i c  ( s i l ic o n e  rubber) and S h iley  heart valve zeno- 
g r a fts  a lso  in d icate  that adsorption i s  a rapid and an ir r e v e r s ib le  
process (Bornzin et a l . 1982). The a c tiv a tio n  energy for the adsor­
p tion  process was estim ated to be about 3kcal/m ole for fibrinogen and 
6kcal/m ol for albumin. Enthalpies for adsorption were very low, 
approximately 0 .4kcal/m ole for fibrinogen and approximately 1 .5 k c a l/ 
mole for albumin. Such low enthalpies of adsorption suggested to the 
authors that there was l i t t l e  or no denaturation of the blood protein s  
during the adsorption process.
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Brash et al.  (1969) have studied protein  adsorption in  both s ta t ­
ic  and flow systems on uncharged hydrophobic polymer su rfaces. They 
showed that adsorption i s  not reversib le  and the p rotein s are not 
desorbed over a wide pH range nor are they removed by ex ten sive  u ltra  
son ic  v ib ra tio n . These observations suggest that p rotein s are 
uncoiled  and stron gly  bonded to the surface through m u ltip le  con tacts. 
A ltern a tiv e ly  a layered structure co n sistin g  of a surface-denatured  
layer and a lte rn a tiv e  layer e x is t s .  Such ir r e v e r s ib i l i ty  has a lso  
been observed in  the album in/glass system by Bull (1956).

2 .3 .3  Adsorption a t  l io u id /l ia u ld  in terfaces
Though adsorption of proteins onto so lid  surfaces has been stud­

ied  by severa l workers there i s  l i t t l e  or no progress in  understanding 
the manner in  which the implant surface a f fe c t s  the com position of an 
adsorbed p ro te in  layer. An important parameter for determining the 
a c t iv i t y  o f the adsorbed p rotein  i s  the estim ation  of i t s  in te r fa c ia l  
free  energy. There i s  no d irec t method a va ila b le  for such measure­
ment a t  s o l id / l iq u id  in ter fa ces . However, such changes can be d eter­
mined d ir e c t ly  a t  a ir / l iq u id  and liq u id /liq u id  in ter fa c es .

Although numerous in v estig a tio n s have been reported for various 
p rop erties of polymers and protein  film s, adsorption a t a ir / l iq u id  and 
l iq u id /liq u id  phase boundaries have received r e la t iv e ly  l i t t l e  a tten ­
tion . Harowitz et al. (1955) suggested that when adsorption at  
l iq u id /liq u id  in terface  occurs a t high film  pressures then p rotein s do 
not unfold . They observed that serum proteins were present as a u n i- 
molecular layer of globular molecules with th eir  long axes p a r a lle l to 
a xylene/w ater in terface  when adsorption took place a t film  pressures
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of 12-27 dynes.cm-1 . Cumper et al. (1950) showed that surface aging  
was a lso  exh ib ited  by film s a t liq u id /liq u id  in ter fa c es . They found 
that pepsin  a t  white o il/w a ter  in terface  formed a layer ik  th ick  a fte r  
4 min. Depending upon the temperature and the io n ic  strength the 
film  thickened to about 15i a fter  1 hr. Films of low -density lip o ­
p ro te in s iso la te d  cen tr ifu g a lly  from human serum or hen’s egg yolk  
a lso  exh ib ited  aging a t n-heptane/aqueous so lu tion  in ter fa ce .

I t  was Fukawa et a l . (1961) when working with PVA (polyvinyl 
a lco h o l) a t  the air/w ater in terface  who observed that changes in  the 
surface tension  value occurred gradually over severa l hours. He 
attr ib u ted  th is  to slow reorien tation  or polymer adsorption a t liq u id  
boundaries. Therefore, certa in  e x is t in g  techniques for surface ten­
sio n  measurements were unsuitable as they did not a llow  s u f f ic ie n t  
time for equilibrium  to be a tta in ed . Among these techniques i s  the 
drop weight method favoured by many workers (Matthews, 1939; Glass 
1968; Lankveld et al. 1972) who studied PVA at the p a r a ffin / water 
in ter fa ce  and a lso  observed the prolonged times required for eq u ilib ­
rium to be a tta in ed  and suggested that they were due to d iffu s io n  in  
the case of low concentrations and to conformational changes for  
higher concentrations. Proteins lik e  poly™61*8 a lso  have low d if fu ­
sion  constants in  d ilu te  so lu tion . MacRitchie et al. (1963) confirm­
ed that the in i t i a l  decrease of surface tension of p rotein s i s  d if fu ­
sion  con tro lled  but suggested that in the la ter  sta g es , when an 
appreciable film  pressure builds up, the rate of adsorption becomes 
much slow er. This i s  due to the ex isten ce  of a barrier which d evel­
ops as the film s become more densely packed. From stu d ies  on a num­
ber of p ro te in s of various shapes and s iz e s  they explained the ro le  of
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pressure b arriers in the adsorption process. Using the theory d evel­
oped by Ward et al. (19 46 ), MacRitchie et al. (1963) v e r if ie d  that 
only a small portion  of the molecule (100-175A3) needs to penetrate  
the surface before complete unfolding of the molecule begins. Hence 
adsorption takes p lace in  three stages. These are: d iffu s io n  of 
n ative  p rotein  m olecules to the in terface , penetration  of the in te r ­
face by these m olecules and f in a lly  rearrangement of adsorbed molec­
u le s  so as to achieve a s ta te  of minimum free energy.

2 .4  FACTORS AFFECTING THE RATE OF ADSORPTION
The adsorption of macromolecules, th eir  f in a l conformation and 

the degree o f interm olecular in teraction  depend on many fa c to r s .  
These include concentration, molecular weight, so lvent q u a lity , f l e x i ­
b i l i t y  and e le c t r ic a l  charge of the molecule and the p rop erties of the 
in ter fa c e .

Adsorption was studied as a function of pH by MacRitchie et al. 
(1963). They found that the net rate of c o l l is io n  o f m olecules with  
the surface depended upon the pH, being a  maximum a t is o e le c t r ic  p oin t 
and decreasing on e ith er  s id e . They tr ied  to explain  the net rate  of 
c o l l i s io n  of molecules by the presence of an e le c tr ic a l  p o ten tia l 
barrier a t  the surface and rela ted  the rates of adsorption to the 
corresponding zeta  p o ten tia l.

Also from a study by Kiosseoglou et al. (1983) on the in ter fa c ia l  
p rop erties of lip op ro te in s, i t  has been shown that the time dependent 
reduction of in te r fa c ia l tension i s  influenced by various fa c to rs . 
These are the pH, concentrations of NaCl or methanol and the tempera­
ture. The degree of m icellar breakdown and subsequent molecular
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unfolding and rearrangement follow ing adsorption of lip op rote in  molec­
u le s  increases with decreasing pH and increasing temperature or added 
methanol.

2 .5  CONFORMATIONAL CHANGES OF ADSORBED PROTEIN FILMS
The study of a random c o il  protein having a f le x ib le  structu re  

(ca se in ) and globular proteins with r ig id  structures (/? -lactog lob u lin  
and fl-lactog lob u lin ) by Rahman & Sherman (1982) shows that non-glob- 
ular p rotein  film s expand more than globular p rotein s in  the presence  
of g ly cer id e  m ixtures. The casein  have ex ten sive  hydrophobic 
regions. The residues involved in  hydrophobic bonding are p ro lin e , 
v a lin e , iso le u c in e , phenylalamine and tryptophan. The globular pro­
te in  m olecules are s ig n if ic a n t ly  le s s  hydrophobic than the c a se in s .  
Furthermore, globular protein s adsorb more slowly a t  an in ter fa ce  than 
random c o i l  p ro te in s . I t  has been demonstrated by Yudenfreund et al. 
(1975) that the ter tia r y  structure of the globular p ro te in  g lia d in  i s  
disrupted by various surfactants so that i t  i s  ab le  to unfold and 
expand. The covalent d isulphide bond is  the stron gest bond involved  
in  m aintaining the ter tia ry  structure of globular p ro te in s . Unfolding 
of the m olecules increases the ava ilab le  number of resid u es.

Hence adsorption of proteins i s  an in terestin g  but a complicated  
process. These macromolecules because of their  amphipathic nature 
d isp lay  exceptional adsorptive properties as they are h igh ly  surface  
a c t iv e .

In so lu tio n  a globular protein  molecule, being large and f le x ­
ib le , tends to look lik e  a tangled h e lix . I ts  h e l ic a l  character  
depends m ostly on hydrogen bonding along the backbone and the tangled
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character more on hydrophobic groups irregu larly  placed between the 
amino acid  resid u es. The non-polar groups tend to p ro tect each other 
from the surrounding water by find ing a stab le  lo ca tio n  in  the heart 
of the tangle with the polar amino acid  groups arranged around them. 
Normally adsorption of proteins involves both the hydrophilic  and the 
hydrophobic groups. In such cases adsorbed p rotein s cannot be e a s i ly  
removed. However, i f  the adsorption i s  only due to the hydrophobic 
bonds, as when adsorbed on p araffin , then the p rotein s can be e a s i ly  
l i f t e d  o f f .

For a long time i t  was assumed that when p ro te in  m olecules are  
adsorbed a t  an a ir/w ater or o il/w a ter  in ter fa ce , complete unfolding of 
the molecule occurs. From the lim itin g  area obtained from pressure  
area isotherms which were 17 i2 per residue, i t  was assumed that the 
polypeptides are organised in  extended chains on the surface such that 
the hydrophobic groups are pointing towards the a ir  or o i l  a t  the 
a ir /w ater  and o il/w a ter  in terface  resp ec tiv e ly , and the h yd rop h illic  
groups towards the water. However, on the b asis  of energy consider­
a tio n s  Bamford et al.  (1956) found the extended chain model unconvinc­
ing and suggested that the. fl-h elix  structu re in  the 
spreading so lu tio n  retained the same conformation even a f te r  removal 
from the surface. He carried  out further e lec tro n  d if fr a c t io n  
measurements on the same samples and found that in  a l l  cases the out­
ermost r e f le c t io n s , d esp ite  the individual d iffer en c es , corresponded 
to a spacing of 1.495 ± .005i  ch a ra cter is tic  of the a -h e l ix . Addi­
tio n a l evidence for the retention  of the fl-h elix  conformation was 
obtained by Loeb et a l . (1968). They deposited, by the Langmuir 
B lodgett method, monolayers of p o ly -7-methyl-L-glutamate a t d iffe r e n t
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pressures (4 , 15 and 27 dynes/cm) on a germanium prism and carried  out 
IR spectroscopy by the m ultiple internal r e f le c t io n  method -  a lso  
c a lled  attenuated  to ta l r e f le c t io n  (ATR). The infrared spectra thus 
obtained for monolayers deposited a t any constant pressure e sta b lish ed  
that the polypeptides retained th eir  a -h e lic a l conformation in  the 
monolayer.

However, a  change of secondary structure in  the monolayer does 
occur although i t  i s  influenced by the s t a b i l i t y  o f the bulk confor­
mation. This was further confirmed when Loeb (1969) compared the 
surface conformation of paramyosin (one of the most s ta b le  p rotein s of 
h e l ic a l  nature) with /?-lactoglobulin . He found that the structure of 
/? -lactog lob u lin  which, in  the bulk, i s  le s s  h e l ic a l and le s s  s ta b le  i s  
more su scep tib le  to a conformational tra n sitio n  in  the surface. As 
the secondary structure demonstrated a high in e r t ia  to change the 
surface denaturation has to be mainly due to the changes in  the t e r t i ­
ary stru ctu re . Also the ter tia ry  structure i s  found to be more 
su scep tib le  to permanent m odification by surface forces than the 
secondary stru ctu re . In order to rupture an fl-h e lix  by adsorption  
fo rces , the standard free  energy per residue has to be very high but 
i t  i s  seen that even a s l ig h t  increase in the standard free  energy 
w il l  cause some change in  the conformation of a m olecule. Therefore 
when considering conformational changes caused by surface forces, 
major a tten tio n  should be given to the ter tia ry  stru ctu re . Even i f  
the secondary structure i s  u ltim ately  a ffec ted , th is  can occur only  
a fte r  rupture of the ter tia ry  structure. The degree of conformation­
a l change accompanying changes in the ter tia ry  structu re observed is  
lower in so lu tio n s of high concentration. It  i s  the te r t ia r y  stru c-
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ture which i s  s ta b il is e d  by intermolecular in tera c tio n s a t  high su rf­
ace concentrations.

2 .6  BEHAVIOUR OF ADSORBED HUMAN SERUM ALBUMIN AT AN INTERFACE
To understand the behaviour of the HSA molecule a t  an in ter fa ce  

i t  i s  e s se n t ia l to consider i t s  structure a t  three d if fe r e n t  le v e ls .  
The primary structure i s  the number and sequence o f the amino acid  in  
the polypeptide. I t s  conformational r ig id ity  a r is e s  from d isulphide  
bridging. In the aminoacld sequence there are 17 cy s-cy s p a irs but 
because o f the r ig id ity  they cannot form bonds between themselves but 
have to bridge with iso la te d  cystene groups.

The secondary structure o f albumin contains 50-55% a -h e lix , about 
15% ^-p leated  sh eet, and the remainder random c o i l .  The S-S bridges 
tend to s t a b i l iz e  the secondary structure by reta in in g  the fl-h e lica l 
form as they tend to impose considerable r e s tr a in ts . This was shown 
by Reed e t  a l .  (1975). They studied 12 iso la te d  fragments o f BSA. 
The 11 fragments contain ing S-S bridges retained the pred icted  amount 
of a -h e lix  but the 12th fragment, which lacked the d isu lphide bonds, 
did not.

The molecule of serum albumin has a r e la t iv e ly  low content of 
hydroxy amino acid s compared with other p ro te in s . The OH" sid e

-f.chains form hydrogen bonds with sid e chains contain ing -000" or =NH 
groups. If  the content of hydroxy amino acid  i s  high then cross  
lin k s w il l  be formed with a l l  the ava ila b le  -000" and =NH+ groups g iv ­
ing the molecule a r ig id  structure as a l l  =NH+ would be bound in tern ­
a l ly .  However as few hydroxy amino acids are a v a ila b le  in  the albu­
min m olecule, a l l  the =NH+ groups are not bonded leading to a molecule
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which i s  not very r ig id . Hence as the pH of the environment i s  
changed the molecule binds with the ava ila b le  H+ or OH" m olecules 
which causes a change in  i t s  configuration.

The te r t ia r y  structure represents the amount of c o il in g  and fo ld ­
ing of the polypeptide required to a tta in  the globular shape as a pro­
la te  e l l ip s o id  w ith in  major and minor axes of 140i and 4 0 i .  This 
shows that the strong a sso c ia tiv e  forces which e x is t  between some of  
the loops are responsib le for the observed compact m olecule. More 
than 200 p o s it iv e  and negative charges which are d istr ib u ted  over the 
molecule g iv e  albumin an hydrophillic  character and contribute to i t s  
high s o lu b i l i ty  in  aqueous media. As a resu lt  p rotein  m olecules in  
aqueous so lu tio n  have a r e la t iv e ly  hydrophobic in te r io r  and a r e la t ­
iv e ly  h yd rop h illic  periphery, but because of i t s  am phiph illic  compo­
s i t io n  i t  tends to be surface a c tiv e . However, on adsorption stru c­
tural changes in  the molecule are induced by the in ter fa ce  a t  the 
expense of intram olecular hydrophobic in tera c tio n s. Therefore a t  
air/w ater  or o il/w a ter  in terfaces the structural changes in  the mole­
cu le  minimizes the hydrophobic in teraction  by causing the non-polar 
groups to protrude in to  the a ir  or o i l  phase.

The degree of s t a b i l i t y  of the ter tia ry  structure of d iffe r e n t  
p rotein s was examined by Cheesman et al. (1 9 5 4 ), L lop is et al. (1 9 6 0 ), 
Ray et al.  (1 9 5 6 ), Yamashati et al . (1967) and Evans et al . (1 9 70 ). 
By comparison of surface pressure-area (r:A) curves with surface  
pressure-concentration  (r :c )  curves Evans et al. (1970) studied  the 
surface behaviour of ^ -case in , bovine serum albumin (BSA) and lysozyme 
and concluded that the factors which control the stru ctu ra l s t a b i l i t y  
of these p rotein s in the surface are the hydrophobici ty and the
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strength  of the forces maintaining the ter tia r y  stru ctu re . The 
concentration of S-S bonds i s  an important factor  but not the so le  one 
in  preserving the ter tia r y  structu res. BSA with 17 S-S bonds per 
molecule and a molecular weight of 66,000-69,000 has almost the same 
number of S-S bonds as a lysozyme molecule. However, i t  i s  consider­
ably le s s  r e s is ta n t to denaturation (Foster 1960) because lysozyme, 
according to the hydrophobic!ty sca le  derived by Bigelow (1967) based 
on the work of Tanford (1962), i s  about 15% more hydrophobic than BSA. 
^ -casein  i s  found to be very f le x ib le  as i t  i s  even more hydrophobic 
than BSA and a lso  lacks S-S bonds to f ix  the te r t ia r y  stru ctu re. 
Camejo et al.  (1968) suggested that high hydrophobic!ty and f l e x i b i l ­
i t y  were a lso  the reasons for the marked surface a c t iv i t y  o f high  
d en sity  ap olip o-p rotein .

As the pH of the so lu tion  changes, the d is tr ib u tio n  of free  and 
bound charges around the protein  molecule a l te r s .  The f i e ld  causes 
s tr e s se s  in  the molecule resu ltin g  in changes in  spacing o f the in ter ­
ior groups. The structu ral changes w il l  be greater the more the pH 
d if fe r s  from the is o e le c tr ic  point of the p rotein . Hence, a t  high  
and low values of the pH the forces s ta b il iz in g  the te r t ia r y  stru c­
tures are lower, the chains have greater ro ta tio n a l m ob ility  and 
unfolding becomes e a s ie r .

2 .7  TYPES OF PROTEIN FILMS
Extensive stu d ies of protein  film s a t in ter fa ces  have led to the 

e lu c id a tio n  of th eir  film  forming prop erties. Most of the a v a ila b le  
work concerns film s spread from so lu tion  on to the surface of a 
liq u id . Very l i t t l e  r e lia b le  work is  a v a ila b le  for film s adsorbed



39

from so lu tio n  as p rotein s take a long time to reach a steady s ta te  
which i s  necessary for obtaining reproducible r e s u lts . Very few 
workers l e f t  the film s for a s u f f ic ie n t ly  long time.

The e a r l ie s t  method of obtaining p rotein  film s was used by Devaux 
(1904), M etcalf (1905) and Keenan (1929). I t  c o n s is ts  o f d ispersin g  
the p ro te in s in  water or d ilu te  a lk a li and dropping a small quantity  
on the surface of the liq u id . From the maximum spread area obtained  
Devaux estim ated the thickness of the film  to be 30-80 i for albumin, 
peptone and ca se in . M etcalfe obtained 3ol as the minimum thickness 
of a s o lid  film  of peptone w h ilst Keenan obtained for g e la tin e  on 
mercury a t  pH4.8 a thickness of only 7 .5 i .  However, th is  method was 
considered to be unsuitable as i t  caused h ydrolysis o f the p rotein s  
and the film  formed was not homogeneous, therefore attem pts were made 
to form film s by d irec t spreading. This was achieved in  two ways*
( 1) by adding spreading agents such as isopropyl a lcoh ol which helps  
to spread the applied  drop of protein  so lu tion  over the surface of the 
bulk, u su a lly  an aqueous so lu tion ; and (2 ) by spreading a  th in  film  
f i r s t  formed by pouring a so lu tion  of the protein  v ia  a g la ss  s l id e  or 
g la ss  rod on to the surface in  an e ffo r t  to e lim inate the p o s s ib i l i t y  
of the p rotein  entering the bulk phase.

I t  has been shown by Trunnit (1960) that the method of spreading 
the p rotein  i s  cru cia l to the properties of the p rotein  film  because 
unknown amounts of protein  may d isso lv e  during the spreading. As 
mentioned e a r l ie r , the author’s own experience with th is  technique has 
shown that the surface tension  outside the barriers confin ing the 
spread film , decreases in d icatin g  that material transfer has taken 
place through the bulk phase. This shows that spread film s d if fe r
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appreciably from adsorbed film s of the same p rotein . However, some 
workers (Cumper et al. 1950; MacRitchie et al. 1961; and Benhamon et 
al. 1960) have found evidence that spread p rotein  monolayers and 
adsorbed p rotein  film s are v ir tu a lly  id en tica l but James et al. (1964) 
have shown that th is  assumption may be v a lid  only i f  the comparison i s  
r e s tr ic te d  to concentrated spread monolayers in  which there are some 
n ative  p ro te in  m olecules present. In th is  s itu a t io n  the rate of 
p rotein  adsorption i s  l ik e ly  to be as fa s t  as spreading of the mono- 
layer and so the unfolding of the molecules a t the two surfaces i s  
l ik e ly  to be s im ila r . Ghosh et al. (1963) have a ls o  supported the 
fa c t that the film s obtained by the spreading technique and adsorption  
would be sim ilar  but only when so lu tion s are concentrated.

I t  i s  c lea r  from the above that a study of adsorbed p rotein  film s 
examined under ca re fu lly  con tro lled  conditions would h elp  in  our under 
standing of the nature of the changes which occur as the surface con­
cen tra tion  b u ild s up u n til the film  i s  in  equilibrium  with the bulk 
phase.
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CHAPTER THREE

SURFACE AND INTERFACIAL TENSION MEASUREMENTS
3.1  INTRODUCTION

What i s  meant by an in terface?  A general d e f in it io n  of matter 
commonly r e fe r s  to bulk p rop erties , that i s ,  matter as i t  i s  found in  
appreciable mass and volume with l i t t l e  or no a tten tio n  being given  to 
various surface phenomena. In recent years the great s ig n ific a n ce  
of the surface properties for many systems has been appreciated.

I t  i s  well-known that matter does not e x is t  in  the in ter io r  of 
the sample under the same conditions as i t  does near the surface. 
Surface reaction s are found to have great importance in  nature, in  
gen eral, and p a rticu la r ly  in  the domain of b io logy. In the in ter ­
p reta tion  o f surface phenomena, the general problem i s  to determine 
the p rop erties of a system which are due to in tera c tio n  of m olecules 
a t the su rface.

Therefore, a  surface i s  defined as the boundary o f a phase which 
refers  to an homogeneous mass of a so lid , liq u id  or gas. When two 
phases are in  mutual contact the boundary that e x is t s  between them is  
c a lle d  an in ter fa c e . S tr ic t ly  speaking, the surfaces commonly re fer ­
red to as liq u id  and so lid  surfaces should be considered as l iq u id /a ir  
and s o l id /a ir  in ter fa ces , resp ec tiv e ly . The d if fe r e n t  types of 
in ter fa ce  that e x is t  due to the three s ta te s  of matter can be referred  
to in a general way as g a s /liq u id ; g a s /so lid , l iq u id /liq u id , l iq u id /  
so lid  and s o l id /s o l id  in ter fa ces .

I t  i s  d i f f i c u l t  to g ive  exact dimensions to an in ter fa ce  as i t  i s  
not a d is t in c t  e n t ity  in the mathematical sense which separates two
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phases, but i s  rather a region of small but f in i t e  th ickness and has 
measurable properties d iffe r in g  from those of the m aterial in  the 
homogeneous phases.

The mathematical treatment of surfaces was developed much e a r lie r  
than the development of accurate methods for the measurement of in ter ­
fa c ia l  ten sion . These methods are prim arily based upon the tendency 
of a f in i t e  volume of a liq u id  to adopt a minimum surface area when 
unconstrained. The sphere i s  known to possess minimum surface area  
for a g iven  volume and th is  i s  a lso  the shape assumed by any free  body 
of liq u id . But i f  the surface i s  p artly  constrained then i t  w il l  
adopt an area con sisten t with the con stra in t.

3 .2  STABILITY OF THE INTERFACE
A ll forms of matter, so lid , liq u id  and gaseous, are made up of 

m olecules which are subjected to various interm olecular fo rces . 
Consider a  molecule in a liq u id . If  i t  i s  ly ing in  the bulk i t  w il l  
be surrounded by other molecules and the interm olecular forces exp eri­
enced by that molecule on the whole w ill  be balanced. However a  
molecule a t  the surface w il l  be subjected to imbalanced forces due to  
the a ttr a c t io n  from the in ter io r  of the liq u id . This r e su lts  in  the 
d en sity  of the surface layer being lower than the bulk. Hence the 
surface i s  in  a higher energy s ta te  and has a tendency to contract. 
The force of contraction  per unit length that the m olecule a t  the 
surface experiences is  known as the surface tension , 7 .

At the in terface  between two liq u id s there i s  again an imbalance 
of interm olecular forces but of a le sser  magnitude. In the absence 
of o r ie n ta tio n  e f fe c t s  liq u id /liq u id  in te r fa c ia l tension , 7 , u su a lly
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l i e s  between the individual surface tensions of the two liq u id s a t  the 
in ter fa c e .

A cer ta in  amount of work i s  required to bring the m olecules from 
the bulk to the surface. This work per u n it area i s  a lso  referred  to 
as the excess surface free  energy,

where 7q i s  expressed in  mjm'2 ,
w i s  the work done,

o

and A i s  the area.
I t  i s  e s se n tia l for the in te r fa c ia l surface free  energy to be 

p o s it iv e  for the stab le  ex isten ce  of an in terface  because i f  i t  were 
e ith e r  n egative  or zero, then the movement of m olecules could cause 
the surface region to expand continuously which would lead to a 
complete d isp ersion  of one m aterial in to  the other. These cond itions  
where no op p osition  i s  o ffered  to the d isp ersive  forces occurs between 
two gases or between two m iscib le  liq u id s. However d isp ersion  can 
occur in  two im m isicible liq u id s when the in te r fa c ia l energy i s  
reduced by the presence of another component. This i s  commonly known 
as spontaneous em u lsifica tio n .

3 .3  MOLECULAR ORIENTATION AT INTERFACES
The free  energy per u n it area of a pure liq u id  cannot be a ltered  

except by o r ien tin g  the surface molecules so that the ends with the 
la rg est f ie ld  of force point inwards. In the case of so lu tio n s of 
two or more substances, whose molecules d if fe r  in the in te n s ity  of
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th eir  f ie ld s  of a t tr a c t iv e  forces, the surface free  energy can be dim­
in ished  in  a d iffer en t way. The molecules which, com paratively, have 
greater f ie ld s  of force tend to pass into the in te r io r . The surface  
layers of the so lu tion  w il l  therefore have a higher concentration  of 
the co n stitu en t whose in tr in s ic  free energy i s  sm all. This tendency 
of the m olecules of one con stitu en t of a so lu tion  to p a r tit io n  a t  a 
surface i s  c a lle d  adsorption. P ositive  adsorption of a con stitu en t  
i s  an in crease of concentration a t a surface; n egative adsorption a 
d ecrease .

Q u a lita tiv e ly , the general rule for adsorption i s  that i f  the 
so lu tio n  has a  smaller surface tension than the so lven t, the so lu te  is  
concentrated a t  the su rface, i f  i t  has a larger tension  the so lu te  i s  
driven as far as p o ss ib le  in to  the in te r io r . I t  i s  p o ss ib le  to 
obtain  very considerable decreases in  surface and in te r fa c ia l tension  
by adsorption  of a substance which has i t s e l f  a  very low surface  
ten sion . In such cases the adsorption may proceed so far that the 
surface layer c o n s is ts  almost e n tir e ly  of the molecules of the const­
itu en t which has the sm aller f ie ld  of force . Large in creases in  
surface ten sion  cannot, however, be obtained in a so lu tio n  by using  
so lu te s  w ith  surface tension  much greater than the so lv en t. Such 
so lu te s  are driven in to  the in ter io r , and the surface layer tends to 
approximate to the pure so lven t containing few of the m olecules with a 
large f i e ld  of force. Consequently the surface tension  i s  ra ised  but 
l i t t l e  above that of the so lv en t.

Organic substances containing more than two carbon atoms in the 
m olecule u su a lly  show p o s it iv e  adsorption in water. I t  i s  seen that 
as the length of the hydrocarbon chain increases adsorption a lso
in creases and surface tension  is  reduced.
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Adsorption of surface a c tiv e  hydrocarbons from aqueous so lu tion s  
lowers the surface tension  to about 25 dynes cm' 1 (Adamson, 1976) 
which i s  almost equivalent to the surface tension of the p ara ffin s. 
The surface layer then c o n s is ts  almost e n t ir e ly  of long, saturated  
hydrocarbon chains. According to Traube’s rule (Traube, 1891), for 
each ad d itio n a l CH2 group in  a homologous se r ie s  of surface a c tiv e  
substances the concentration required to g ive  a cer ta in  surface ten­
sion  i s  reduced by a factor  of 3. Inorganic s a lt s  are u su a lly  nega­
t iv e ly  adsorbed, and the tension  may be raised  in strong so lu tio n s but 
only by a few dynes cm'1. The q u an tita tive  r e la tio n  between the 
amount o f adsorption and the change in surface tension was f i r s t  dedu­
ced from thermodynamic considerations by Gibbs in  1931. The s i g n i f i ­
cance o f h is  work for p rotein  adsorption w il l  be d iscu ssed  in  more 
d e ta i l  in  Chapter Four.

Adsorption of surface a c tiv e  m aterial on various su rfaces i s  of 
great importance in  many b io lo g ica l and technological processes. 
Typical examples are in  general detergency, the production of sta b le  
em ulsions, the function and structure of c e l l  membrane and the d evel­
opment o f su ita b le  substances for use as pros theses and for the slow  
r e lea se  o f drugs. I t  i s  not only the number of m olecules adsorbed at  
an in ter fa c e  that i s  of u ltim ate importance but a lso  the changes in  
mechanical properties such as the resistan ce  of the in ter fa c e , to 
deform ation, that occur as a resu lt of the adsorption. Hence adsorp­
tion  i s  one of the ch a ra c ter is tic  surface properties which play an 
important part in determining the physical property of a system as a 
whole. Therefore i t  i s  of prime in ter e st  to e lu cid ate  the character­
i s t i c s  of p rotein s a t d iffe r e n t in terfaces although determ ination of
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fu nction  and structure of protein  i s  found to be far more d i f f i c u l t  a t  
in te r fa c e s  than in  the bulk so lu tion .

Macromolecules occupy a sp ecia l p o sitio n  with regard to surface  
e f f e c t s .  For the same amount of m aterial in the surface le s s  work 
has to be done aga in st the concentration d ifferen ce  sin ce  due to th eir  
large molecular weight fewer molecules have to be transported, as 
en erg etic  in teraction s with the surface are due to mass e f f e c t s  which 
remain the same. Therefore macromolecules adsorb far more read ily  
than th e ir  low molecular weight counterparts.

In the case of liq u id /g a s and liq u id /liq u id  phase boundaries the 
in ter fa c e  i s  e s s e n t ia lly  a f la t ,  very narrow, two-dimensional tra n si­
tio n  zone where the fra ctio n  of surface occupied and the surface free  
energy change (or surface tension) depends on the en ergetic  e f f e c t s  of 
bringing a polymer segment in to  the surface but the to ta l amount 
adsorbed and the th ickness of the adsorbed layer depends to a large  
exten t on the so lvent and on the f l e x ib i l i t y  of the m olecule. As 
surface layers have important im plications in  many phenomena and i t  i s  
known that in  the case of adsorption from so lu tion  the outermost layer 
determ ines the surface tension , i t  i s  therefore v i ta l  that the surface  
ten sion  of the so lu tion  should be accurately  determined. The mechan­
ic a l  p rop erties of the adsorbed film  w ill depend on the configuration­
a l freedom of the m olecules. Therefore i t  i s  e sse n tia l to determine 
the conformation adopted by the molecule with changes in  surface  
concentration . Methods for the measurement of surface tension  were 
invented during the la s t  century by Gibbs and Wilhelmy and sin ce  then 
innumerable methods have been developed.
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3 .4  REVIEW OF METHODS FOR INTERFACIAL TENSION MEASUREMENTMENTS
As there are a great variety  of methods a v a ila b le  for the 

measurements of in te r fa c ia l tension, these techniques are b r ie f ly  
mentioned here in  order to explain the reason why the p articu lar  
technique used for th is  work was chosen.

The techniques are broadly divided in to  three groups depending on 
the parameter they use for determining the in te r fa c ia l ten sion .

1 . Procedures using pressure methods.
2 . Procedures involving detachment methods.
3. Techniques using shape determ inations.

3 .4 .1 Methods based on chanee of pressure for curved in ter fa ces
The p rin cip a l methods in th is  c la ss  are:
1 . c a p illa r y  r is e  method;
2 . maximum drop or bubble pressure method.

3 .4 .1 .1  C apillary r is e  method: This i s  a sim ple method and i s  
found to be very accurate for pure liq u id s but has d i f f i c u l t i e s  
when used with p rotein  so lu tion s. Problems a r is e  mainly as a 
r e su lt  of d ep osition  of protein  m aterial on the w all o f the tube. 
This causes uncertainty regarding the value of the contact angle 
which has to be determined. I t  a lso  requires the exact knowl­
edge of the den sity  of the liqu id  and the radius of the ca p illa r y  
tube. Also i t  i s  rather d i f f ic u l t  to obtain c y lin d r ic a l tubes
with constant bore.
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3 .4 .1 .2  Maximum drop or bubble pressure methods: Though s u it ­
ab le  for pure liq u id s they are not accurate when complex surface  
a c t iv e  m aterials are being used. In the case of bubbles, the 
surface created w il l  in  general be only a fra c tio n  of a second 
old  and therefore w il l  not be an equilibrium  su rface , e sp e c ia lly  
for m ateria ls such as proteins which require many hours to reach 
equilibrium . Moreover, in the case of drops, d i f f i c u l t i e s  a r ise  
in  maintaining saturation  conditions for the duration of time 
involved and a lso  the aging of the surface causes the 7-va lu es to 
reduce and for small drops th is  induces in s ta b i l i ty .

3 .4 .2  Methods Involving detachment
In a l l  these methods the surface of the liq u id  in  contact with  

the sensor i s  expanded as the point of detachment i s  approached. 
This means that the liq u id  surface w ill  not normally maintain i t s  
equilibrium  during th is  time. In general th is  con d ition  can only be 
met when d iffu s io n  of the surface a c tiv e  molecules to the surface i s  
very fa s t .

D ifferen t detachment methods normally used are:
1. Du Nouy ring method.
2. Wilhelmy P la te  method and detaching cone method.
3. Drop volume and drop weight method.

3 .4 .2 .1  Du Nouv ring method: This method i s  frequently  used
for pure liq u id s but i t  i s  not h igh ly  dependable for reproduci­
b i l i t y  in determining surface aging e f fe c t s  for p ro te in  so lu tion s  
which take a long time to reach equilibrium .
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3 .4 .2 .2  Detaching cone method and Wilhelmv P la te  method: In 
these methods, measurements are made using the cone and the p la te  
resp e c tiv e ly . In p r in cip le  cone and p la te  can be used both as a 
detachment method or as a s ta t ic  method. When used in  the 
detachment mode they tend to g ive  higher values which are of the 
newly created surface rather than i t s  equilibrium  valu e. Such 
u n certa in ties  can be avoided i f  the equipment i s  used in  a s t a t ic  
mode, but here i t  i s  e sse n tia l that complete w e tta b il ity  of the 
p la te  or cone i s  achieved. Accurate and more p rec ise  measure­
ments are then obtained. Hence the Wilhelmy P la te  method, which 
w il l  be explained in  d e ta il la ter  in  th is  chapter, has been used 
in  combination with the surface balance for determining the 
changes in  the surface tension values of p ro te in  so lu tion  of 
d iffe r e n t  concentration a t  both a ir - liq u id  and liq u id -liq u id  
in ter fa c es .

3 .4 .2 .3  Drop volume and drop weight method: This detachment 
method i s  not considered very r e lia b le . Here e ith e r  the weight 
or volume of the drop detaching from a narrow tube i s  determined. 
The top of the tube should be com pletely wetted or a sharp edge 
t ip  has to be used. I t  i s  seen that on detachment the complete 
drop does not leave the tube. For accurate measurements the 
equipment has to be free  from v ib ration s and the la s t  10% of the 
drop should be formed very slow ly. Also a proper correction  
factor  has to be introduced.
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3 .4 .3  Techniques using shape determinations
Methods depending on shape determination are:
1. Pendant drop method.
2. S e s s i le  drop or bubble method.
3 . Spinning drop method.

3 .4 .3 .1  Pendant drop method: Preliminary experiments using
the shape of pendant drops were carried  out to determine the 
surface aging of p rotein  so lu tio n s. The method, which i s  
described in  d e ta il  la te r , involves photographing the drop a t  
various time in ter v a ls  as the surface comes to  equilibrium . 
From the photographic data and using correction  ta b le s , the 
surface ten sion  i s  evaluated. The b asic  disadvantage assoc ia ted  
w ith the shape determ ination method i s  that s ig n if ic a n t  time i s  
required in i t i a l l y  to se t  up the drop during which no information  
can be recorded. Therefore, from these experiments i t  i s  only  
p o ss ib le  to determine the order of magnitude of the time taken 
for the surface to reach equilibrium .

3 .4 .3 .2  S e s s i le  drop and bubble method: In p r in c ip le  the
shape of a  s e s s i l e  drop or bubble could be used to determine the 
surface tension  of a protein  so lu tio n . The disadvantages
a sso c ia ted  with the method when compared with other techniques is  
that being a shape determination method, in i t i a l  changes cannot 
be obtained and a lso  the surface area involved cannot be changed 
in a con tro lled  manner. For these reasons the method was
rejected .
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3 .4 .3 .3  Spinning drop method- In th is  technique measurements
are made when the length of the spinning drop i s  a t  le a s t  4 times 
i t s  s t a t ic  diameter. This technique i s  most su ita b le  for deter­
mining very low in te r fa c ia l tension. I t  can be used to measure 
valu es around 0.001 mNm-1 e a s ily  and accurately .

3 .4 .4  Dynamic methods: When in i t i a l  information regarding the
aging processes occurring a t  the surfaces are required, a dynamic 
method must be used. The attainment of the equilibrium  values of the 
su rfa ce-ten sio n  occurs as the resu lt of a s e r ie s  o f relaxation  
p ro ce sses .

F ir s t  the m olecules d iffu se  from the bulk and adsorption takes 
place then the m olecules undergo or ien ta tion  and conformational 
changes. The rate a t  which the various relaxation  process takes 
place determines the time taken for the surface to come to e q u ilib ­
rium. A study of dynamic e f fe c t s  y ie ld s  greater in s ig h t in to  these  
molecular p rocesses. E x istin g  dynamic methods are:

1) The damping of surface waves.
2) O sc illa tin g  liq u id  j e t s .
3) D ila tin g  surface techniques.

3 .4 .4 .1  The damping of surface wave: The p rop erties of waves
have received  great a tten tio n  in recent years due to th eir  impor­
tance in  surface film s for many technological p rocesses. The 
mechanical p rop erties of many d isperse systems depend on the same 
dynamic surface p rop erties that govern the propagation of surface  
waves. Damping which is  the lo ss of k in e tic  energy of the waves
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depends on the viscous fr ic t io n  of the liqu id  below the surface. 
So an increase in  v is c o s ity  would increase the damping e f f e c t .  
However va r ia tio n s in  damping are a lso  produced when surface a c t­
iv e  m aterial i s  adsorbed at the surface. This surface tends to 
r e s is t  the expansion and compression caused by the propagation of 
waves. This crea tes a flow pattern in the liq u id  below the 
surface r esu ltin g  in an increased viscous fr ic t io n  which enhances 
the damping e f f e c t .

3 .4 .4 .2  O sc illa tin g  .let method: The f lu id  under in v estig a tio n  
is su e s  from an e llip s o id a l o r if ic e  a t high v e lo c ity . As a 
r e su lt  o f surface tension forces the e l l i p t i c a l  c ro ss-se c tio n  
re laxes and an o s c i l la t io n  i s  se t  up resu ltin g  in  the j e t  having 
a  w ave-like envelope. Very fa s t  relaxation  p rocesses can be 
d etected  using th is  method but on the other hand i t  i s  q u ite  
un su itab le  for processes having long relaxation  tim es.

3 .4 .4 .3  D ila tin g  surface technique: Two main forms of th is  
technique e x is t .  The f i r s t  involves measuring the pressure in  a 
small drop. The surface area of the drop i s  expanded or 
contracted by the addition  or subtraction , re sp e c tiv e ly , of some 
liq u id  from the drop. The decay of surface tension  i s  obtained  
from changes in  pressure which fo llow  the sudden change in  area. 
In the second technique the surface film  under in v e stig a tio n  is  
confined between barriers on a Langmuir trough. Expansion or 
con traction  of surface film  i s  a ffec ted  by movement of one or 
both b arriers. Here the changes in surface tension  are recorded
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using the Wilhelmy P late technique. Both of these techniques 
were used in  the present study and w il l  be described in  more 
d e ta i l  in  the follow ing section s.

3 .5  EXPERIMENTAL TECHNIQUES USED TO MEASURE THE SURFACE 
TENSION OF HUMAN SERUM ALBUMIN (HSA)
In the in v e stig a tio n  carried out here the s t a t ic  and dynamic 

in te r fa c ia l  tension  measurements were made in  order to gain  a  b etter  
understanding of the adsorption ch a ra c ter is tic s  of p ro te in  and the 
conformation changes follow ing i t .

The pendant drop technique was employed to make the in i t i a l  meas­
urements. This technique was chosen because, b esid es being widely 
used and simple to operate, i t  was p o ss ib le  to control the s iz e  of the 
drop. The measurements thus obtained gave reproducible r e s u lts .  
In ad d itio n  only small amounts of m ateria ls under in v e st ig a tio n  were 
required.

At f i r s t ,  estim ates of the surface aging of the adsorbed protein  
film s were made. From the r esu lts  obtained i t  was seen that several 
hours were needed for them to reach equilibrium . However, rapid 
changes in  the surface tension occurred only during the f i r s t  hour, 
a fte r  which the changes were more gradual. Some problems were exper­
ienced in  determining the in i t ia l  changes. These were a ttr ib u ted  to 
operational d i f f i c u l t i e s ,  in  particu lar the time taken to se t  up the 
drop and allow  mechanical v ibrations to subside meant that much of the 
inform ation about the in i t i a l  changes was lo s t .  Because of in te r e st  
in  th ese rapid changes and in order to d etect the small changes which 
occur as equilibrium  is  approached more se n s it iv e  dynamic techniques
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have been used, one o f them being the Wilhelmy P la te  technique comb­
ined with a surface balance. This was modified to enable time depen­
dent measurements to be made e a s ily  and rapidly. Hence lik e  other 
dynamic methods surface aging and relaxation  e f f e c t s  for very small 
time sc a le s  could be studied . But the advantage i t  had was that i t  
enabled measurements to be made for longer periods, up to several 
hours.

The other technique used was the d ila tin g  drop technique. By 
th is  method determined the rapid in i t i a l  changes that occurred when 
the area of an eq u ilib rated  drop was suddenly changed. The advantage 
of th is  technique was that only small amounts of the so lu tio n  were 
required and gave good reproducible r e su lts , once humidity and 
v ib ra tio n  is o la t io n  conditions were con tro lled . A ll the equipment 
used for th is  work was developed and b u ilt  a t Imperial C ollege. The 
apparatus for the pendant drop technique and the Wilhelmy P la te  tech­
nique are described in  d e ta il in  th is  chapter as these two techniques 
were i n i t i a l l y  used to determine the surface aging o f p ro te in  so lu ­
t io n s . However as the d ila tin g  drop technique was used mostly for  
the dynamic measurements therefore the apparatus and mechanism is  
explained in  d e ta i l  in  Chapter Four.

3 .5 .1  The pendant drop method: This i s  a s t a t ic  method for the 
measurement of surface tension. The shape of the drop which i s  sus­
pended from a f in e  ca p illa ry  i s  con tro lled  by the surface tension  
forces and g ra v ity . The method was f i r s t  developed by Bashforth & 
Adams (1883) and improved by Andreas, Hauser & Tucker (1938).
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The schematic diagram of the pendant drop apparatus i s  shown in  
F ig s. 3 .1 a  and 3 .1b . A drop of the liq u id  under in v e stig a tio n  was 
formed a t  the t ip  o f an Agla micrometer syringe which was enclosed in  
a double w alled chamber having op tica l windows. The whole c e l l  was 
th erm osta tica lly  con tro lled . The drop was illum inated by a
collim ated  beam of monochromatic lig h t  from a mercury vapour lamp. 
The equipment was mounted on an a n ti-v ib ra tio n  tab le  to reduce 
extern al v ib ra tio n s . The p r o file  of the drop i s  photographed a t
about 13 times m agnification using a su ita b le  camera. A se r ie s  of 
photographs are taken a t various time in terv a ls  over a  period of 
severa l hours u n til the shape of the drop remained constant.

The surface tension  of the so lu tion  forming the drop was ca lcu la ­
ted from the p r o f i le ,  as shown in  Fig. 3 .2 , using fo llow in g  r e la tio n ­
ship:

2d
7 = tSP - y -  3 .2

where g = a cce lera tio n  due to gravity; 
p  = d en sity  of the liquid;
K = the correction  factor;
dg = the la rg est diameter of the drop.

The correction  factor , K, depends upon the shape of the drop. 
Andreas e t  a l .  (1938) characterised the shape of the drop by the 
r a t io , S, defined as

d
s  = d2  3 3e

where dg i s  equal to the diameter in a horizontal p lane, a t height d  ̂
from the apex of the drop as shown in Fig. 3 .2 .
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Fig. 3.1a Schematic diagram of the pendant drop apparatus used for the 
surface tension measurement.

fig. 3.1b Close view of the thermostated chamber in which the drop is
formed and allowed to reach equilibrium.
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F ig . 3 .2  S ection  of the drop showing de -  the maximum diameter of the drop and ds -  the diameter measured at h eight de from the 
apex of the drop.
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The values of 1/K were tabulated by Andreas et a l .  (1938) as a
function  of S from known values of the surface ten sion  of water.
Later, Fordham (1948) compiled a more accurate tab le  by numerical
so lu tio n  of the fundamental d if fe r e n t ia l equation.

However Roe, Bacchetta & Wong (1967) used several c h a r a c te r is tic
r a t io s  to d efin e the shape of the drop instead of only one. A se r ie s
of diam eters, d , for n = 8 . . . .  12 was defined and measured a tn
h eigh ts Z from the base of the drop, where Z = n /10  d . The n n e
corresponding c h a ra c ter is tic  ra tio s  were then given by:

d
s  = - pn de

where n = 8 . . . .  12

A se r ie s  of tab les g iv in g  1 /K  as a function of each S was com-n n
p ile d  by Roe et a l .  (1967). Hence from a s in g le  photograph of a
pendent drop as shown in  F ig. 3 .2 , several values of were measured
using a microscope a t 3Qx m agnification with an accuracy of ±0.5/*m.
From the measurements of S the values of 1/K were ca lcu la ted . Then n
surface tension  was determined from the average value of 1/ze  ̂ using
Eq. 3 .2 . This method improved the accuracy of the surface tension
values thus obtained. A marked varia tion  in 1/K valu es was a t tr ib -n
uted e ith e r  to an error in  the measurement of d or to  the drop notn
having a tta in ed  equilibrium . In the la tte r  case the experiment was 
repeated.
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3 .5 .2  The Wilhelmv P late technique
As dynamic measurements were to be made using th is  technique, i t  

was designed to function in  conjunction with a surface balance. The 
v a r ia tio n s in  surface pressure with the area a v a ila b le  to the surface  
a c t iv e  m aterial are determined by using a surface balance. In the 
apparatus used here, which i s  shown in F igs. 3 .3 , 3 .4  and 3 .5 , the 
surface film  i s  confined between two movable b arriers, whose motion is  
accu rately  con tro lled  by a  reversib le  e le c t r ic  motor, and the surface  
ten sion  i s  measured using a Wilhelmy P late which i s  attached to a 
micro balance.

This enables time dependent measurements to be made e a s i ly .  The 
trough and the b arriers for a ir / l iq u id  measurements were made of PTFE. 
As PTFE tends to warp, both the trough and b arriers were strengthened  
using s ta in le s s  s te e l  p la te s . PTFE was used in  order to ensure a 
high contact angle and a lso  to allow  the le v e l of water to stand above 
the rim of the trough. The rim of the trough and the b arriers were 
smoothed by p o lish in g  on a  roughened g la ss  p la te , as smooth surfaces  
ensured good contact thus avoiding leakage. The temperature was con­
tr o lle d  by allow ing water from a constant temperature water bath to 
c ir c u la te  through g la ss  c o i l s  placed in  the trough.

The trough for liq u id /liq u id  measurements was made of g la ss  in  
which a Brooks Frame was placed. A new design of the o r ig in a l Brooks 
frame i s  used. I t  c o n s is ts  of two pyrex g la ss  s tr ip s  held  accurately  
p a r a lle l to each other in a s ta in le s s  s te e l  adjustab le block. The 
g la s s  s tr ip s  form the r a i ls  on which r e s ts  the motor driven b arriers, 
used to expand and compress the film s adsorbed at an liq u id /liq u id  
in te r fa c e . The surfaces of the r a i ls  are made coplanar before use by 
carefu l grinding. Parts of the barriers and the r a i l s  are rendered
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CONTROLLED ENV1 RONMENT ENCLOSUREi------------------------------- -------------- ----- !

Fig. 3.3 Schematic presentation of the Wilhelmy plate method as used 
for static and dynamic surface tension measurements.

Fig. 3.4 Photograph showing the entire apparatus used for t h e

experimental work.
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Fig. 3 .5  A c lo ser  view showing M -  microbalance; P -  platinum or f i l t e r  paper p la te ; B -  motor driven b arriers; T -  Lang­muir trough; S -  stage for ra is in g  and lowing the trough; s -  le v e llin g  screws for lev e lin g  the m icro-balance. The micro-balance i s  connected to a balance control u n it and a chart recorder not shown in the figu re .
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hydrophobic by treatment with dimethyl d ich loro s i la n e  so lu tio n . 
This i s  done to prevent the film  enclosed between the r a i l s  and the 
b arriers from escaping -  see Fig. 3 .6 . The temperature i s  con tro lled  
to w ithin  ±1°C by c ircu la tin g  water through copper c o i l s  placed in  a 
s ta in le s s  s t e e l  bath outside the trough.

The a ir / l iq u id  and liq u id /liq u id  in ter fa ces  were cleaned by 
sweeping the movable barrier across the in ter fa ce . The compressed 
contamination was removed by suction  using a clean  g la s s  c a p illa r y  
connected to a water pump. The ca p illa ry  was appropriately  bent a t  
one end to allow  easy p osition in g  of the t ip  a t the in ter fa c e .

The Wilhelmy P late used was made e ith er  of roughened platinum or 
of f i l t e r  paper. The advantage of using a paper p la te  i s  that zero 
contact angle was always ensured. The perimeter Qf the p la te s  used 
was accu rately  measured using a low-power microscope. The p la te  i s  
p osition ed  so that i t s  edge i s  ju st immersed in  the liq u id  surface. 
A fter the mass o f the p la te  and support has been counter balanced, the 
ad d ition a l force on the p la te , i . e .  force due to the surface film  is  
given by

or
F = 7.2 (1 + 1 ) c o s 9 

' v o' c

F = 7 p cos0

3 .4

where F = force ,
7 = surface tension ,
p = perimeter of the p la te , 

= contact angle,
1 = length of the p la te .
1 = thickness of the p la te ,

o
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Fig. 3.6 Glass trough with modified form of Brooks frame used at 
1iquid/1iquid interfaces. B - movable barriers; s -
screws to hold the slides; T - slides forming the trough; 
M - metal block; Hj - hydrophilic inside edges; lij. -
hydrophobic top edges. Top: Trough from above. Middle:
Front view of Brooks frame. Bottom: Brooks frame treated
with dimehtyl dichlorosilane solution.
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I f  complete w etting of the p la te  i s  achieved the contact angle  
becomes zero and the expression s im p lif ie s  to

F = 7 .p 3 .5

Dynamic measurements may be made in  two ways using th is  equip­
ment. F ir s t ly  the b arriers may be used to expand and compress the 
film  in  a  regular way using the motor d rive  or secondly, a sudden 
expansion or compression may be achieved by a  s in g le  displacem ent of 
the b arrier .

To avoid contamination and draught the e n tir e  apparatus i s  
enclosed in  a  perspex box with s lid in g  doors. This enabled proper 
p o sitio n in g  o f the trough.

The balance was ca lib rated  each time prior to an experimental 
measurement. Using th is  technique i t  was p o ss ib le  to measure surface  
tension  w ith cm accuracy o f ±0.25%.

3 .6  MATERIALS
The p rotein  HSA (Cohn Fraction V) which had p ro te in  content 

greater than 95% was obtained from Koch Light Laboratories and used 
without further p u r ifica tio n . For each experiment fresh  so lu tio n s  
were prepared in  phosphate bu ffer.

The aqueous substrate used in th is  study was a phosphate buffer  
made by d isso lv in g  114 mM NaCl, 18.7 mM disodium hydrogen orthphos- 
phate in  pure water to g iv e  156 m equivalent of Na+ and a pH of 7 .4  ±
0.1 as an in te r s t ia l  f lu id .
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Pure water was obtained by d is t i l la t io n  of deionized  water from 
a lk a lin e  potassium permangenate so lu tion  under a stream of N2 gas in  
an a l l  g la ss  s t i l l .  For the o i l  phase n-decane was used. A ll these  
chem icals were of Analar *R* grade and obtained from BDH Chemicals 
Ltd.

Prior to use a l l  the equipment was thoroughly washed in  Decon 90 
so lu tio n  to remove d ir t  and grease. Then they were soaked in  a 5% 
so lu tio n  of ”RBS concentrate” , a c lean ing so lu tion , for 6-8 hours. 
I f  the apparatus was h ea v ily  so iled  then a 10% so lu tio n  was used and 
the soaking time was increased up to 24 hours. They were then thor­
oughly washed with deionized  water and f in a l ly  rinsed in  pure water.

3 .7  RESULTS
3 .7 .1  Surface Aging

In order to understand the conformational changes that occur in a 
molecule of p rotein  on adsorption, changes in  the in te r fa c ia l free  
energy have been studied .

Measurements obtained by the pendant drop method for non-polar 
liq u id s are given in  Table 3 .1  (see over) and compared w ith lite r a tu r e  
values to determine the r e l ia b i l i t y  of the apparatus.

As the above values are in  good agreement, i t  i s  reasonable to 
s ta te  that the apparatus constructed here was free  of fa u lts  and can 
be used to perform measurements of HSA a t various concentrations. 
R esu lts are as shown in  F ig . 3 .7 . From the diagram i t  i s  seen that 
as the concentration increases both the in i t i a l  and f in a l values of
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TABLE 3.1
Comparison of the surface tension values obtained using the pendant 
drop apparatus with the values obtained from the lite r a tu r e . This was done to te s t  the r e l ia b i l i t y  of the constructed pendant dropapparatus. "T * 9.5 .

Liquid
TmNm’ 1

(observed value)
TmNm'1

(L iterature value)

n Heptane 19.97 20.14
n Octane 21.70 21.62
Iso Octane 19.58 19.6
n Decane 23.80 23.82

the surface tension  decrease. Also from Fig. 3 .7  i t  can be seen that 
the values apparently become constant a fte r  about 30 mins. More
s e n s it iv e  techniques, however, show that small changes continue to 
occur for many hours. Therefore further experiments were carried  out 
using the Wilhelmy P la te  technique.

The r e l ia b i l i t y  of the equipment was checked by studying the 
behaviour of s te a r ic  acid  a t  air/w ater and a ir /a c id  (0.01M U C l) in te r ­
fa ces . From Fig. 3 .8  i t  i s  seen that the area obtained by extrapola­
tion  i s  in  very good agreement with the lite r a tu r e  value of 

A = 0 .22  nm2 mol. -1 a t an a ir/w ater in ter fa ce , and
A = 0 .25  nm2 mol. ' 1 for ste a r ic  acid  on HĈ .

Hence i t  was concluded that the apparatus constructed would g ive  r e l i ­
ab le r e s u lts .



Su
rfa

ce
 

Te
ns

ion

67

Time (mins)

Fig. 3.7 Surface tension values at air/water interface for human 
serum albumin solution in phosphate buffer. Concentrations 
shown in mg% at temperature 36*C.
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Changes in  surface tension  values of adsorbed HSA were determined 
for a period of 17 hrs. These changes were determined a t  both the 
a ir / l iq u id  and liq u id /liq u id  in ter fa ces for pH 3, 4 .7 , 7 .4  and 11. 
The rate of changes in  the surface tension  values are shown in  F igs.
3 .9  and 3 .1 0 . V ariations in  the surface tension  va lu es as a  function  
of pH were a lso  studied  for d iffer en t bulk concentration a t  both the 
a ir / l iq u id  and liq u id /liq u id  in ter fa ces . These changes are shown in  
F igs. 3.11 and 3 .1 2 .
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F ig . 3.8 Behaviour o f S tea ric  ac id  a t the a ir /w a te r  and a ir /a c id  (0.01M HCL) in te rfa ce s
G\vo
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t lm e (h rs )

Fig. 3 .9  The rate of change in  the surface tension  values during adsorption of serum albumin i s  shown for 16 hrs as i treaches equilibrium  at an a ir/w ater in ter fa ce . The values for pH 3, 4 .7 , 7 .4  and 11 are given when the bulk concen­tra tio n  i s  5x10"4 wt%.
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T im e (h rs)

Fig. 3 .10  The rate of change in the surface tension values during adsorption of H.S.A. i s  shown for *  16 hrs as i t  reaches equilibrium  a t an o il/w a ter  in ter fa ce . The values for pH 
4 . 7 , 7.4  and 11 are given when the bulk concentration is
1x 10-4 wt%.
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Fig. 3.11 Changes in the surface tension values with v a r ia tio n s in pH 
for d iffer en t bulk concentration (C^) a t the a ir/w ater
in ter fa c e . = 8x10' 5 wt%, 5x10'4 wt% and 5x10"3 wt%.
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PH

Fig. 3 .1 2  Changes in the surface tension values with v a r ia tio n s in pH 
for d iffer en t bulk concentrations (C^) a t an o il/w a ter
in ter fa c e . = 1x 10"5 wt%, 1x 10"4 wt% and 1x 10"3 wt%.
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3 .7 .2  Components of surface tension
The interm olecular a ttra c tio n s  which g iv e  r is e  to surface tension  

r esu lt  from a v a r ie ty  o f well-known interm olecular in tera c tio n s . 
Fowkes (1964) has shown that the surface tension  may be expressed as 
the sum of components due to the d iffer en t types of in tera c tio n s . 
Thus for liq u id s 1 and 2 i t  w il l  be;

7, = 7 id + 7 iP 3 .6

and
d p

72 = ?2 + V

where 7^ = surface tension  contribution  due to d isp ersion  forces,
and, 7^ = surface tension  contribution due to polar force .
For systems in  which only d ispersion  forces are a c t iv e , the 
in te r fa c ia l free  energy i s  given  by

7 ij = 7i + 72 ~ 2 7  7 id7jd 3 .7

But for systems in  which both polar and d ispersion  in tera c tio n s occur, 
the equation has a more general form.

7 u  = 7i + 72 - 2 /  7 id72d -  2 J  7 iP72P 3.8

Thus, i f  the in te r fa c ia l free  energy between an unknown phase and a 
phase which in tera c ts  through dispersion  forces only is  measured, then 
the d isp ersion  component of the surface free  energy of the unknown
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phase can be determined and hence 7  ̂ can be deduced from the surface  
tension  value. I f  the equilibrium  in te r fa c ia l free  energy between a 
p rotein  so lu tion  and a hydrophobic phase of known 7  ̂ i s  measured then 
values for 7̂  and 7^ for the protein  can be determined.

Recently Van Oss e t  a l .  (1986) considered that i t  might be of 
in te r e s t  to d istin g u ish  between long range and short range in terac­
t io n s . Long range in teraction s were due to London, Debye and Keesom 
forces and short range in teraction s mainly involved hydrogen bonding 
and donor accepter in tera c tio n s. Experiments were carried  out on 
p rotein  film s adsorbed on so lid  surfaces. The film s were examined in  
both the hydrated and dried cond itions. They used contact angle 
measurements to measure the components and obtained

AG™ = AG^ + AG88 + AG123 3 .9

TOTwhere AG. i s  the to ta l free  energy of the in terface; 
acF  i s  the sum of the long range forces; 
ag88 i s  the sum of the short range forces; 

and AG^ is  the component due to e le c tr o s ta t ic  in ter a c tio n .
In th eir  work they assumed that AĜ * i s  n e g lig ib le  s in ce  the pot­

e n t ia ls  are u sually  ions and hence w rite for the in ter fa ce

TOT
Tl

3.10

In determining 7  ̂ they combine liq u id s with an apolar s o lid  such as 
PTFE or polystyrene (PST) and with protein s deposited as a th ick  film s 
on u l t r a f i l t e r  membranes which allow  the measurement of 7  ̂ only.
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Other parts of the long range in teraction , i . e .  Keesom & Debye forces,
SRare n eg lected  or appear in  the 7 . Their use of ’’hydrophobic in ter ­

a c t io n s” i s  a lso  confusing and u su ally  re fers  to to ta l in tera c tio n s of 
the m ateria ls with hydrophobic surfaces rather than the entropic  
changes which cause the aggregation of apolar m ateria ls in  water and 
are p a rtly  responsib le for the overa ll conformation of p ro te in  molec­
u le s  in  so lu tio n . 7^, therefore appears to be the more appropriate  
parameter to measure.

Since i t  i s  l ik e ly  that the m olecules w ill  assume d iffe r e n t con­
formations a t d iffe r e n t values of the pH, i t  i s  reasonable to suppose 

d dthat values of 7 and 7*̂ w il l  r e f le c t  these conformation d ifferen ces  
and a lso  d ifferen ces resu ltin g  from the nature o f the in terface  
i t s e l f .  n-decane in tera c ts  through d isp ersion  in ter a c tio n s  only and 
has been combined with the protein  so lu tio n s to determine the in te r -  
fa c ia l  energy and hence 7 and 7^ for the p rotein . The values of 7 

and 7^ for the pure so lven ts are given  in  Table 3 .2 .

TABLE 3 .2
Surface tension  components of pure so lven ts

d D7 7 7Solvent (mNnr1) (mNm- 1) (mNm"1)
Decane 23.83 23.83 0

Buffer 73 21 52
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3 .8  RELATION BETWEEN STRUCTURE AND COMPONENTS OF SURFACE TENSION
F igs. 3 .13  and 3 .1 4  show the components of 7  ̂ and 7^ as a func­

tion  of bulk concentration. I t  i s  seen that both components show 
changes with concentration. The values of 7  ̂ f i r s t  increase with  
increase in  bulk concentration reaching a maximum a t 10"* wt% a fte r  
which they decrease. 7^, however, decreases continuously with  
increasin g  bulk concentration. The e f f e c t  of pH on the conformation 
of the molecules i s  shown in Fig. 3 .1 5 . 7^ is  much greater  a t pH 11 
in d ica tin g  that the molecule i s  most hydrophobic due to greater unfo l­
ding. The molecule i s  r e la t iv e ly  compact a t  pH 4 .7  and pH 7 .3 . The 
valu es of 7̂  show that the polar in teraction s of HSA are g rea te st a t  
pH 7 .3 , the p h ysio log ica l pH.

Changes in  the conformation of the molecules in  the bulk in f lu ­
ence the surface concentration so that the decrease in  surface tension  
i s  due both to the number of adsorbed m olecules and the conformational 
s ta te  they adopt. I t  i s  in ter e stin g , therefore, to study the changes 
in  7^ and 7^ with surface concentration T.

Surface concentration i s  determined d ir e c t ly  by the radio tracer  
method which i s  explained in  d e ta il in  Chapter Four. F ig s. 3 .16  and 
3.17  show components of surface tension  p lo tted  as a function  of 
surface concentration.

These graphs may be compared with F igs. 3 .13  and 3 .1 4 . The 
curves show the same general trend. However, a t a low value of the 
surface concentration, T, the contribution  due to 7  ̂ i s  seen to be 
lowest a t pH 4 .7 , and h ighest a t pH 11.
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Log Bulk Concentration (wt%)

Fig* 3 .13  Contribution of the d ispersion  forces to the surface tension  
values as the bulk concentration increases for d iffer en t pH valu es.
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F ig . 3 .14  Contribution of the polar forces to the surface tension  values as the bulk concentration increases for d iffe r e n t pH 
valu es.
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Fig. 3.15 The changes in the dispersion and polar forces as the pH of
the solution is changed for a particular bulk concentration of
<7. T * tob 7- •

Surface 
Tension
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Fig. 3 .16  Changes in d ispersion  forces as surface concentration i s  
varied  for pH4.7, pH7.4 and pH ll.
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Surface Concentration (ngm )

Fig. 3.17 Changes in the values of the polar forces as the surface
concentration is increased for pH4.7, pH7.4 and pHll.
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1/r represent the area of surface a v a ila b le  to a m olecule. The area
of the p rotein  m olecules themselves i s  d iffer en t in  the two cases
because of conformational changes. I f  R i s  the radius of a c ir c le
having the same area as the molecule assumes on the su rface , then TarR2 

•fr a c tio n a li s  the ̂ extent of the in terface  which i s  covered with p rotein  molec­
u le s . R i s  very much sm aller a t pH 4 .7  than a t pH 11 as indicated  in  
Fig. 3 .1 8 .

pH 4.7 pH 7.4 pH 11

F ig . 3 .1 8  The extent of in terface  covered with p ro te in  m olecules for d iffe r e n t pH values.

Hence the contribution  to 7  ̂ per molecule i s  le a s t  a t pH 4 .7  and r is e s  
as the pH increases as shown in F ig. 3 .1 9 . The polar contribution , 

i s  to a large extent due to the uncovered water su rface . When 7  ̂
i s  p lo tted  aga in st bulk concentration (F ig . 3 .1 5 ), the h igh est values 
are obtained for pH 7 .4 . The reason for th is  is  that the molecule is  
most so lu b le  a t pH 7 .4 .
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Fig. 3.19 Changes in the dispersion and polar forces as the pH of the
solution is changed for surface concentration = 1.8 mgm .
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Hydrogen bonds form the major components of polar in tera c tio n s. 
In p rotein s many p o s s ib i l i t ie s  for hydrogen bonding are a v a ila b le . 
Among these, the hydrogen bonds between the peptide u n its  and H20 are 
the most numerous, v iz . 60-80%, the fra ction  of hydrogen bonds between 
a peptide u n it and a sid e  chain and that between s id e  chains gen era lly  
are in  the range of 15-30% and 5-15% resp ectiv e ly  (P rivalov , 1974).

From the model stu d ies of peptide hydrogen bond formation Kres- 
check & K lotz (1969) concluded that in  the apolar phase hydrogen bond­
ing between peptide u n its i s  favourable whereas in  aqueous media, i t  
i s  not. Moreover, Tanford (1970) showed that d isru p tion  of p ep tid e- 
peptide hydrogen bonds in the in ter io r  of the m olecule, followed by 
exposure of these peptide u n its  to the aqueous medium, i s  a  thermodyn­
am ically favourable process. This shows that peptide hydrogen bond­
ing does not contribute to the formation of a compact p rotein  stru c­
ture. However, from h e l ix -c o i l  tra n sitio n s of sy n th etic  polyamino 
acid s Norde e t  a t .  (1979) inferred that intram olecular peptide hydro­
gen bonds are more favourable than pep tide-w ater in ter a c tio n s . I t  i s  
obvious that var ia tion s in  hydrogen bonding is  one o f the factors  
which a f fe c t  the rotation al freedom of the polypeptide chains.

3 .9  DETERMINATION OF AVERAGE MOLECULAR SIZE
Since g e l f i l t r a t io n  is  a r e lia b le  separation technique, i t  was 

employed here to study the changes in the molecular s iz e  of HSA for  
d iffe r e n t values of pH.

The b asic  p r in cip le  of column chromatography i s  that as a so lu te  
passes down a chromatographic bed i t s  movement depends upon the bulk 
flow of the mobile phase and upon the Brownian motion of the so lu te
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m olecules which causes th eir  d iffu s io n  both in to  and out of the s t a t ­
ionary phase. The separation in  g e l f i l t r a t io n  depends on the d i f f ­
erent a b i l i t i e s  of the various molecules to enter pores of the s ta t io n  
ary phase. Very large m olecules which never enter the sta tionary  
phase move through the chromatographic bed fa ste r  than the sm aller 
m olecules, which can enter the ge l pores and therefore move more slow­
ly  through the column.

The r e l ia b i l i t y  of g e l f i l t r a t io n  stems from the s t a b i l i t y  of 
Sephadex and other ge l f i l t r a t io n  media and th eir  in ertn ess towards 
biopolymers under a wide range of con d ition s.

Sephadex Type G which i s  an accepted standard for g e l f i l t r a t io n  
i s  a v a ila b le  in  d iffer en t p a r tic le  s iz e  grades. Here the superfine  
grade G-200 which i s  intended for column chromatography requiring a 
higher reso lu tio n  was used. I t  can be used for the f i l t r a t io n  of 
m olecules up to a molecular weight of about 600,000.

Unless chem ically degraded, Sephadex i s  in so lu b le  in  a l l  
so lv en ts . I t  i s  s ta b le  in  water, s a lt  so lu tio n , organic so lv en ts , 
a lk a lin e  and weakly a c id ic  so lu tio n s. I t  does not melt and can be 
s t e r i l iz e d  in  the wet s ta te  a t neutral pH or by autoclaving for 30 
minutes a t 120°C without a ffe c t in g  i t s  chromatographic p rop erties . 
For good reso lu tio n , the equipment for the column should a lso  be 
chosen c a r e fu lly .

Gel f i l t r a t io n  r e su lts  are expressed in the form of an e lu tio n  
diagram which shows the v ar ia tion  of so lu te  concentration in the 
eluent with the volume of the eluent passed through the column. A 
permanent record can be obtained i f  i t  i s  continuously detected  using
a u .v . monitor and a recorder.
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The e lu tio n  volume (V ) va r ies  with the to ta l volume (V ) that i s
e  t

passed through the column. The e lu tio n  volume of the m olecules which 
are only d istr ib u ted  in  the mobile phase as they are larger than the 
pores of the g e l i s  the void volume (Vq) .  They are measured by the 
e lu tio n  volume of the rad ioactive ions. Here I*25 la b e lled  albumin 
was used.

The fra ctio n  of the sta tionary  ge l volume (*av) which i s  a v a il­
ab le for d iffu s io n  of a given  so lu te  sp ecies i s  represented by

Kav 3.11

In g e l f i l t r a t io n ,  no m olecules can be elu ted  with a /c&v greater than
I or le s s  than 0. I f  the Kav i s  le s s  than 0, channeling in  the 
chromatographic bed i s  indicated  and the column must be repacked.

R esu lts o f HSA passed through Sephadex G-200 a t  pH 3 .4 , 7 .0  and
II are shown in  F igs. 3 .20 , 3.21 and 3 .22 . Molecules of d iffer en t  
rad ii are elu ted  as though they had d iffer en t values of molecular 
weight which can be deduced from K using a ca lib ra tio n  curve. The 
values for HSA are given in  Table 3 .3 .

TABLE 3 .3
Molecular weight deduced from K using a ca lib r a tio navcurve obtained with a se r ie s  of spherical m olecules

pH Kav
Molecularweight

3 .4 .39 92 0004 .7 .47 65 0007 .4 .43 80 000
11 .32 150 000
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Fig. 3.20 Results of HSA passed through Sephadex column at pH3.4.
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Fig. 3.21 Results of HSA passed through Sephadex column at pH7.
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Fig. 3.22 Results of HSA passed through Sephadex column at pHll.
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3 .1 0  EXISTENCE OF PARTIALLY UNFOLDED MOLECULES IN THE ADSORBED LAYER 
Many concepts have been put forward to explain  the structure of a  

molecule a t an in ter fa ce . The work of Lyman & Kim (1971), Brash & 
Lyman (1969) suggests that the molecule adsorbs in  an in ta c t globular  
form w ith minimal configurational change but S ch eller  e t  a l .  (1975) 
from work on adsorption of albumin on mercury conclude that w ith in  30 
sec . of exposure a com pletely unfolded monolayer i s  obtained. Step 
compression of an equ ilib rated  film  have been carried  out on the 
surface of water. A sample of the r e su lts  i s  shown in  in  F ig . 3 .23 . 
I t  i s  seen that a fte r  a sudden decrease, the surface tension  relaxes  
but does not reach the equilibrium  value. This shows that some of 
the m olecules have been desorbed during compression suggesting that 
the concept of id en tica l c lo se  packed, ir rev ers ib ly  adsorbed protein  
m olecules i s  not v a lid . However, i t  does suggest that there i s  a  
component of the in te r fa c ia l film  which has lim ited  com p ressib ility  
and d if f e r s  from the in ta c t globular form and i s  ir rev ers ib ly  
adsorbed. Before compression the adsorbed film  w il l  c o n s is t  of
m olecules in  a range of conformations, those which arrived  early  
expand the most while la te  a rr iv a ls  adopt a  nearly n a tive  configur­
a tio n  (se e  Fig. 3 .2 4 ) . On compression i t  i s  these la te  a r r iv a ls  
which are ab le to return to the bulk phase leaving a surface which has 
a lower in tr in s ic  surface tension  than the or ig in a l surface.

Additional observations which support th is  hypothesis are shown 
in  F ig . 3 .2 5 . In th is  case the adsorbed film  of HSA was subjected to 
continuous expansion and compression. The surface tension  r is e s  dur­
ing expansion, more molecules adsorb many in the n ative  s ta te . In 
the compression part of the cycle  some of these leave the surface and
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Fig. 3 .2 3  Changes in  the surface tension  values a lte r  step  compression of an equ ilib rated  film  of p rotein  a t pH7.4. I n i t ia l  drop occurs from 17.8 mNm" 1 to lS.SmNm'1 . The surface tension  values gradually increase but do not reach the equilibrium  
v a lu es .
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F ig . 3 .24a  D ifferen t configuration  the molecule adopts upon adsorption.

F ig . 3.24b On compression the m olecules in their n a tive  s ta te  get 
dS^Sorbed.
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Fig. 3 .2 5  Changes in  the surface tension  during continuous expansion 
and compression. On expansion the m olecules adsorb many m olecules in  th eir  n ative s ta te , some of which are desorbed as the surface i s  compressed. On further expansion the n ative  molecules s t i l l  in the adsorbed film  unfold and more adsorption a lso  occurs. The concentration of the unfolded  ir r ev e r s ib ly  adsorbed molecules therefore in creases. This becomes c lear  as surface tension a tta in s  a lower value during su ccessive  compression.
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the surface tension  decreases. During the second expansion the nat­
iv e  molecules s t i l l  in the adsorbed film  unfold and more adsorption  
occurs. The concentration of unfolded, ir rev ers ib ly  adsorbed, molec­
u le s  has therefore increased. This i s  evident from the fa c t that the 
surface tension  a tta in s  a lower value a fte r  the second compression. 
The process continues with subsequent expansions and compressions.

The work shows that although surface tension  i s  a r e la t iv e ly  
simple measurement i t  i s  se n s it iv e  both to adsorption and to confor­
mational changes which occur in the adsorbed film .
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CHAPTER POUR

THE DETERMINATION OF INTERFACIAL CONCENTRATION OF PROTEINS
4.1  INTRODUCTION

The equilibrium  in te r fa c ia l concentration of p rotein  depends not 
only upon the rate of adsorption but a lso  on the conformation which 
the molecule adopts a fte r  adsorption. The conformation depends on 
the r e la t iv e  magnitude of the interchain  a ttra c tio n  compared with the 
a ttra c tio n  of the chain segments for the substrate.

These in teraction s depend upon many factors such as surface  
concentration, molecular weight of the p rotein , the degree of 
f l e x ib i l i t y  of the chains, the charge carried  by the m olecule and a lso  
on the p rop erties and purity of the liq u id s which form the in ter fa ce .

The study of monolayer in teraction s a t the surface has been 
pursued v igorou sly  since 1765 when Benjamin Franklin f i r s t  performed 
the experiments of spreading o i l  on water and found that the thickness 
of the spread film  was never le s s  than 2 5 i .  The parameter which 
describ es the structure of the molecules a t an in ter fa ce  i s  the 
lim itin g  area which they assume. Therefore the equilibrium  surface  
pressure, t , v s . molar area. A, re la tion sh ip  has invariab ly  been used 
for a ssess in g  in teraction s in  monolayers. Although the th eo re tica l 
in terp reta tion  of T ' A  curves and even the nature of surface in te r ­
action s may be controversia l they are known to in flu en ce both the 
s t a t ic  and dynamic surface prop erties.

The surface pressure of a protein  film  is  complicated in  that i t  
depends not only on the surface concentration but on the conformation
of the m olecules as w ell. In add ition , the method by which the film
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i s  produced i s  a lso  important as adsorbed film s are e s s e n t ia l ly  
d iffe r e n t  from those obtained by spreading the m aterial from a  
so lv en t.
4 .2  THE MEASUREMENT OF SURFACE CONCENTRATION
4 .2 .1  D irect measurement of surface concentration

As knowledge of in te r fa c ia l concentrations, T or molar area (A = 
1 / r ) , i s  e s se n t ia l in gaining an understanding of the behaviour o f a  
monolayer, several methods, d irec t or in d irect.h ave been used to
measure i t .

Techniques which have been used for d ir ec t measurements a t  an 
a ir/w ater  in ter fa ce  include:

4 .2 .1 .1  The microtome method: This was used by McBain (1936,
1940a). Here a blade skims o ff  a  depth of ~50/*m from the
surface of liq u id  in  a large trough. The surface excess i s  
ca lcu la ted  as a  d ifferen ce  between the concentration of th is  
surface layer and that of the bulk. The advantage of th is
system i s  that as the blade moves rapidly the equilibrium  i s  not 
disturbed . However, the problems of alignment render th is  
technique very d i f f ic u l t  to use.

4 .2 .1 .2  Surface compression method: Another simple method
used by McBain (1940(b)) involved rapid compression of the 
surface of a liq u id  held in  a sp ecia l trough. Desorption of the 
surplus m aterial from the surface in creases the bulk
concentration  which i s  then determined in ter fer o m e tr ic a lly . This 
technique a lso  required exceptional accuracy re su ltin g  in
lim ita tio n s  in  i t s  use.
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4 .2 .1 .3  E llipsom etric  technique: This has a lso  been used to
determine the amount of protein  adsorbed. Smith e t  a l . (1970) 
used th is  technique to measure the amount of p ro te in  adsorption  
on metal and polyethelene surfaces. The method i s  based on the 
phenomenon that the e l l i p t i c i t y  of a p lane-po larized  beam of 
l ig h t  i s  changed on r e fle c t io n  by a thin  film  a t  the in ter fa ce . 
Generally th is  technique has been used to determine the surface  
concentration and the thickness of film s adsorbed on so lid s  but 
Benjamin e t  a l .  (1975) have extended th is  technique to water 
so lu b le  p rotein s a t a ir / l iq u id  in ter fa ces .

4 .2 .1 .4  Infra red spectroscopy: This technique was used by
Kim & Lee (1974) in  th eir  search for a biocom patible m aterial.
They studied the adsorption of p rotein s on d if fe r e n t  polymers and
showed that i t  was strongly substrate dependent. This technique
has been lim ited  in  i t s  ap p lication  to proteins on s o lid s  mainly

0.due to the problem of working with aqueous so lu tio n s . Duterium 
oxide (D20) i s  o ften  su b stitu ted  for water to allow  for 
observation of the amide I and II bands of the p ro te in s without 
in terferen ce from the QH-bonding of the water m olecule. 
However,the hydrogen deuterium exchange which occurs rapidly when 
p rotein s are placed in  D20 causes spectroscopic changes and 
perhaps conformation changes as w e ll. I t  i s  a lso  known that 
q u an tita tive  stu d ies of proteins adsorbed at the surface i s  more 
d i f f i c u l t  than for protein  so lu tio n s. However, Fink e t  a l . 

(1984) have improved the technique by using radio lab elled  
p rotein s in conjunction with FT-IR to ca lib ra te  the spectroscopic
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technique so that absolute quantity of adsorbed p ro te in  may be 
obtained.

4 .2 .1 .5  E lectron microscopy: Gorman e t  a l .  (1971) studied  the 
adsorption of protein s on mica and evaporated carbon by using  
e lectro n  microscopy. They v isu a lized  and d ir e c t ly  counted the 
number of m olecules adsorbed. However with an increase in  concen­
tra tio n , i t  became d i f f ic u l t  because of overlapping, to d is t in ­
gu ish  and count the individual m olecules.

4 .2 .1 .6  Total in tern al r e f le c t io n  fluorescence (TIRF1: TIRF 
i s  an o p tica l technique used to examine the in tera c tio n  o f macro- 
m olecules with so lid  surfaces. I t  was used by Lok e t  a l .  (1983) 
to obtain  both the adsorption rate and equilibrium  data for  
f  lu orescen tly  la b e lled  p rotein s. They found that a t  low 
concentration  the contribution  of the bulk so lu tio n  to the to ta l  
TIRF sign a l was n e g lig ib le  and a t the higher bulk concentrations 
the TIRF adsorption record was more d i f f i c u l t  to in terp ret 
because bulk fluorescence contributed s ig n if ic a n t ly  to the to ta l  
fluorescence sign al and thus complicated the experimental 
r e s u lts .  Therefore i t  was e sse n tia l that a l l  con trib u tion s due 
to the bulk so lu tion  must e ith er  be elim inated or accurately  
q u an tified  so that s ig n a ls  a r is in g  from surface reaction  only 
were obtained.

4 .2 .1 .7  Counting of rad io-active  lab elled  p r o te in s : This has 
been one of the most successfu l methods employed in  the study of 
adsorption of protein s both a t the liq u id  and the s o lid  in ter
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fa ces . Several other methods of determining surface concentra­
tion  were considered and tr ied  out. The most r e lia b le  was the 
rad io-tracer technique and th is  was adopted for a l l  the work 
quoted here. In fa c t, according to Muramatsu (1978) i f  the 
experimental conditions of th is  technique are adequately arranged 
so that the p rop ortiona lity  between the mass of the la b e lled  sub­
stance and the a c t iv ity  i s  known, then the data obtained by th is  
method i s  as r e lia b le  as the mass being weighed by a balance.

A measure of the surface r a d io a c tiv ity  i s  obtained using a 
counter placed d ir e c t ly  above the in ter fa ce . I t  d e te c ts  rad iation  
from m olecules c lo se  to the in ter fa ce . I f  so ft  f ) p a r tic le s  are 
used, then the em ission has a small range. This avoids large  
errors due to rad iation  from the bulk hence g iv in g  a d irec t  
measurement of surface concentrations.

4 .2 .2  Ind irect determ ination of surface concentration
4 .2 .2 .1  Gibbs adsorption equation: The exact mathematical 
treatment for determining the excess of the so lu te  in  the surface  
or in ter fa ce  was f i r s t  made by Gibbs (1931). His equation i s  
regarded as one of the most fundamental thermodynamic treatments 
of the in te r fa c ia l phase. I t  enables the extent o f adsorption  
a t a liq u id  surface to be estim ated from the surface tension  
data.
For the q u an tita tive  treatment of the surface phenomenon i t  i s  

convenient to regard the in terface  between two phases as a mathemat­
ic a l plane such as S-S as shown in Fig. 4 .1 .
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F ig . 4 .1  Representations of an in terface  between bulk phases a and /?

Adsorption i s  then conveniently expressed in  terms of surface  
excess concentrations of component i  as

r i Z i
A

4.1

awhere i s  the amount of component i  in the surface phase a ,  and A i s  
the in te r fa c ia l area.

The total-thermodynamic energy of the surface phase (T i s  given  by

= TS  ̂ -  PV̂  + 7A + Eui r)*  4 .2

where U = to ta l in ternal energy, S = entropy, P = pressure, V = 
volume,and u = the chemical p o ten tia l.
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PV̂  and 7A have opposite signs sin ce  pressure i s  an expanding 
force and surface tension is  a contracting force. By d if fe r e n tia t in g  
Eq. 4 .2 , we get

dU* = TdS0̂ + S*dT -  PdV* -  V^dP + 7dA + Ad7 + Eu^ T } *  + Ejf ± dUj 4 .3

From the f i r s t  and second law of thermodynamics for a surface phase we 
have

a
dU  ̂ = TdS  ̂ -  PdV* + 7dA + E ^ d ^  4 .4

Subtracting Eq. 4 .4  from Eq. 4 .3 , we get

S°dT -  V^dP + Ad7 + Ej?̂  d u ± = 0 4 .5

Therefore a t  constant temperature and pressure
a

d j  = -  E ^ - d U j  = - E T j  du  ̂ 4 .6

For a  simple two-component so lu tion , i . e .  co n sis tin g  of a so lvent  
and a s in g le  so lu te , Eqn. 4 .6  becomes

d? = -  rA duA -  rB

I f  the surface excess concentration of the so lven t (T^) i s  zero. 
The above expression  s im p lif ie s  to

d7 = -  rBduB
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Chemical p o ten tia l changes can be rela ted  to r e la t iv e  a c t iv i t i e s
by

Ug = Ug + RT In ag 4 .7

then 
where R 

T
and a

dug = RT d In ag 
G as constant, 
absolute temperature, 
r e la t iv e  a c t iv ity .

4 .8

Therefore
r i_ d7 !bB " ~ RT ' d In ag " RT ' dag 4 .9

or for d ilu te  so lu tio n s , when the in te r fa c ia l layer i s  in  equilibrium  
w ith the bulk and assuming that a t  low concentrations the a c t iv it y  
c o e f f ic ie n t  i s  u n ity  the fo llow ing equation i s  obtained

, °B d7B " " RT ' dCg 4.10

Hence, from the slope of the surface pressure isotherm, the values for  
surface concentration can be ca lcu la ted . The Gibbs adsorption is o ­
therm covers a wide f ie ld  as i t  ap p lies to a l l  so lu tio n s which are 
d ilu te  and the so lu te  present on them are dispersed in  simple form and 
not as molecular aggregates lik e  soap m ic e lle s .

Gibbs adsorption equation was used to v e r ify  the adsorption is o ­
therm obtained by the radio tracer method as previous workers have 
reported e x c e lle n t  agreement of values for surface excess obtained in
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th is  way. However, these th eoretica l values are found to be in  good 
agreement with experimental values a t low concentrations only.

4 .2 .2 .2  The determination of surface concentration from dynamic
surface tension  measurements* Adsorption isotherms for so lu b le mono- 
layers can a lso  be determined by dynamic surface tension  measurements. 
When a surface i s  expanded the surface tension  changes and we can 
d efin e  the d ila ta tio n a l modulus e as

£ = ^ 2  4.11
dA

The modulus i s  very s e n s it iv e  to in teraction s between the 
adsorbed m olecules and i s  a lso  dependent on the rate of change of the 
area. I t  may a lso  be expressed as

dxdlnA 4.12

where x i s  the surface pressure (x = 7 -  7) .

The d ila ta tio n a l p rop erties of monolayers y ie ld  in ter e stin g  
in s ig h ts  in to  the relaxation  processes occurring with time.These w ill  
be d iscussed  in  d e ta il in Chapter Five. Here we w il l  only be con­
cerned with using the value of e for the determ ination of x:A curves.

The modulus e which i s  frequency dependent can be measured accur­
a te ly  for many so lu b le monolayers. For in so lu b le  monolayers i t  can 
be determined d ir e c t ly  from the slope of the x:A curve. Soluble  
monolayers a t high frequencies behave as in so lu b le  monolayers because
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for each concentration of surface a c tiv e  m aterial in  the bulk there 
e x is t s  a  frequency above which surface to bulk d iffu s io n a l interchange 
i s  n e g lig ib le  (Luccassen e t  a l .  1972).

I f  the modulus dependence i s  determined for a wide range of fr e ­
quencies experim entally then i t  i s  seen that a t high frequencies the 
modulus becomes independent of the frequency. The corresponding 
surface pressure remains unaltered showing that there i s  no adsorption  
from the bulk of the surface. The e la s t i c i t y  then assumes a lim itin g  
value €q which i s  given by

drCo ~ dlnT 4.13

where Y i s  the surface concentration.
I t  has been shown by Luccassen (1975) that the shape of the cq 

v s . t curve i s  influenced much more by the surface to bulk d is tr ib ­
u tion  c o e f f ic ie n t  than the t  v s . log C curve where C =  bulk concentra­
tio n . Thus the shape o f the e v s . j  curve i s  more in tera c tio no
dependent than the t  v s . log C curve. To obtain the required value
of Cq the d ila ta tio n a l modulus must be measured for a wide range of
frequency spectrum. Fig. 4 .2  for dodecyl tr ie th y len e  g ly co l i s  an
example of such an experiment. Here e i s  p lo tted  aga in st frequency
on a  b ilogarith m ic sca le  and each lin e  provides one extrapolated  value
of €  . Hence from a se r ie s  of modulus measurements e v s . T can be o o
p lo tted .

These valu es are then used to determine the surface concentration  
by in teg ra tion  sta r tin g  a t high adsorption. Thus



Fig. 4.2 Example of surface dilatattonal modulus vs. frequency 
curves. Dodecyl thiethylene glycol (C12Es) solutions.
A = 10"9 mole/cm'3; 0 = 5 x 10"9 mole/cm3; X = 2 x 10'8 
mole/cm3. Abscissa: log V ( v  is frequency in Hertz).
Ordinate: log10£ (mNm-1). Drawn lines: theory below
C.M.C. (Lucassen, 1975.)
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Fig. 4 .3  t  v s . A curve, obtained by in tegratin g  v s . t  curve.
Surface coverage obtained from T vs. log c. (Luccassen, 
1975 .).
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in r 2/ r 1 4 .1 4

As € q only g iv es  information on r e la tiv e  adsorption, therefore, 
one absolu te value of surface concentration has to be determined.

From th ese, t -A curves can e a s ily  be deduced using the r e la tio n ­
ship

r = I  4 .i5

where A i s  the area occupied by the m olecule.
The T v s . A curve obtained by in tegrating  the € q v s . t curve for  

dodecyl tr ie th y len e  g ly co l i s  g iven  in  F ig. 4 .3 . values for
p rotein  so lu tio n  were a lso  determined by the extrap olation  technique 
from the e v s . frequency p lo t  as shown in  F ig. 4 .4 . The absolu te  
value o f surface concentration for the in tegra tion  was obtained from 
the experiments using the radio tracer method. The valu es o f surface  
concentration thus obtained were compared with those obtained d ir e c t ly  
by the radio tracer method. I t  i s  seen that the valu es of surface  
concentration obtained by the two d iffer en t methods are comparable 
w ith in  the experimental error a t both the a ir / l iq u id  and liq u id /liq u id  
in ter fa c es . F ig. 4 .5  shows the values obtained a t the a ir/w ater  
in ter fa ce  by Gibbs method, in tegration  method and the radio tracer  
method. The values obtained by using Gibbs equation are comparable 
only a t low concentrations.



Su
rf
ac
e 

Di
la
ta

ti
on

al
 
Mo
du
lu
s

109

Log Frequency (hertz)

Fig. 4.4 Values of € are plotted against log frequency for protein 
solution having bulk concentration = 7.7x10"5 wt% and
4.2x10"3 wt%. c values are obtained by extrapolating the
graph..
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log Bulk Conc.(wt%)

Fig. 4.5 Comparison of the surface concentration measurements 
obtained by the radio-tracer method and the integration 
method. Dotted line shows the values ob tained by Gibbs* 
adsorption equation. All the above observations are for 
protein solution at pH7.4 at the air/liquid interface.
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4 .3  EXPERIMENTAL DETERMINATION OF SURFACE CONCENTRATION AT THE AIR/

WATER AND OIL/WATER INTERFACES

4 .3 .1  Apparatus

The apparatus used c o n s is ts  of a  windowless s c in t i l l a t i o n  counter 

system. The windowless system has been used so th a t the lo sses  due 

to  the windows of Geiger counters and Alpha s c in t i l l a t i o n  counters a re  

e lim in a ted  re s u l t in g  in  a  high degree of counting e f f ic ie n c y . The 

equipment c o n s is ts  of a  s c in t i l l a t i o n  counter type 663A and a  drawer 

u n it  type 723. The standard  end cap is  removed from the viewing end 

of the s c in t i l l a t i o n  counter and is  rep laced  w ith a  sp e c ia l flanged 

end cap which a tta c h e s  to  the drawer u n i t .  The equipment was purch­

ased from Nuclear E n te rp rise s  Ltd. The sample to  be measured is  

p laced  in  a  p e t r i  d ish  (40mm d ia .)  which i s  c a r r ie d  in  a  l ig h t  t ig h t  

draw er. The p e t r i  d ish  i s  placed in  a  recess  in  the drawer in  order 

to  ensure th a t th e re  i s  no p o s s ib i l i ty  of the sample being  brushed 

a g a in s t,  by any p a r t  of the u n it  w h ils t the drawer i s  being pushed in  

or p u lled  o u t. The s c in t i l l a t i o n  counter i s  a ttach ed  to  the S ca le r-  

Ratemeter SR3 a lso  purchased from Nuclear E n te rp rise s  L td.

4 .3 .2  M ateria ls

A ll the 14C la b e lle d  rad ionuclides used during the experim ents 

and the liq u id  s c in t i l l a n t  used a t  l iq u id / l iq u id  in te r fa c e  were 

purchased from Amersham In te rn a tio n a l p ic . and used w ithout fu rth e r  

p u r if  ic a tio n .

14C la b e lle d  Sucrose, 14C M ethylated Bovine Serum Albumin and 

14C -S tea ric  Acid had s p e c if ic  a c t iv i t i e s  of 50 /iCi/mmole, 42/jCi/mg and 

50/iCi/m mole re sp e c tiv e ly .
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For liq u id  s c in t i l l a t io n  xylene based Organic Counting S c in t i -  

l l a n t  (OCS™) was used.

The w ater, b u ffe rs , decane and human serum albumin used through­

out the experim ents a re  described  in  Chapter 3.

4 .3 .3  Method

M ixtures of d if f e r e n t  concen tra tions of HSA and [ 14C] m ethylated 

BSA s o lu tio n s , the ad so rp tio n  of which was to  be determ ined was placed 

in  a  p e t r i  d ish  of a re a  (1 .25x10 '3 m2) in  the drawer of the l ig h t  

t ig h t  box. The p e t r i  d ish  was placed d i r e c t ly  beneath the photom ulti­

p l i e r  tube as  shown in  F ig. 4 .6  so th a t a  co n stan t geometry was 

obtained  fo r each experim ent. At the a ir /w a te r  in te r fa c e  where the 

aqueous phase was a  phosphate b u ffe r , the ad so rp tio n  of p ro te in s  was 

ob tained  fo r a  perio d  of 16 h rs  a t  a  number of d i f f e r e n t  va lues of pH. 

A p la s t i c  s c in t i l l a n t  was used a t  th is  in te r fa c e . The s c in t i l l a n t  

was p laced  a t  the end of the p h o to m u ltip lie r tube befo re  in se r t io n  

in to  i t s  housing u n i t .  The p h o to m u ltip lie r tube w ith  the s c in t i l l a n t  

in , was then fixed  to the drawer u n it .  To g e t maximum e f f ic ie n c y  the 

v o ltag e  supply to  the p h o to m u ltip lie r was ad ju sted  to determ ine o p ti­

mum co n d itio n s  between the background and the sample counting le v e ls .

An a liq u o t of the la b e lle d  p ro te in  was then added to the aqueous 

su b s tra te  and allowed to adsorb fo r a  period  of 16 hours. As adsorp­

tio n  took p lace , s c in t i l l a t io n s  were d e tec ted  by the p h o to m u ltip lie r 

and the output p u lses  were coupled to a  s c a le r  or ra tem ete r. They 

can be counted d i r e c t ly  o r, i f  requ ired , could be traced  on a  recorder 

or au to m atica lly  p r in te d  ou t. The pu lse  ra te s  thus obtained  a re  

p ro p o rtio n a l to  the amount adsorbed and were used to determ ine the

in te r f a c ia l  co n cen tra tio n .
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Fig. 4 .6  Schematic p re se n ta tio n  of the p h o to m u ltip lie r  tube placed 
d i r e c t ly  above the p e t r i  d ish  held  in  a  l ig h t  t ig h t  drawer 
u n i t .  0 = o i l  phase; A = aqueous phase; P.D. = p e t r i  
d ish ; d = 300 fiH depth; S = s te e l  drawer u n it ;  P.T. = 
p h o to m u ltip lie r tube.
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The method was m odified fo r measurements made a t  the l iq u id /

liq u id  in te r fa c e . Here again  the aqueous phase was a  phosphate

b u ffe r  and n-decane was used as  the o i l  phase. An o rgan ic  liq u id  
TMs c in t i l l a n t  OCS which i s  so lub le  in  n-decane was used in s tead  of the 

p la s t ic  s c in t i l l a n t  used a t  the a i r / l i q u id  in te rfa c e . Several con­

c e n tra tio n s  of OCS were t r ie d  in  order to determ ine the optimum 

co n cen tra tio n  necessary  fo r a  s u f f ic ie n t ly  high count r a te .  The 

vo ltage  supply was a lso  ad ju sted  to g ive maximum counting e f f ic ie n c y . 

A dsorption of p ro te in s  a t  l iq u id / l iq u id  in te rfa c e s  was thus observed 

as a  fu n c tio n  of both bulk  concen tra tion  and pH. For accu ra te  

measurements of su rface  concen tra tion  a  number of c a l ib ra t io n s  and 

c o rre c tio n s  a re  requ ired . These a re  o u tlin ed  in  the next s e c tio n .

4 .3 .4  C a lib ra tio n s

The p u lse  ra te s  obtained  during an experiment a r i s e  from back­

ground and the amounts of rad io ac tiv e  m a te ria l adsorbed. The back­

ground count has to  be determ ined and su b trac ted . This was done by 

counting in  the absence of rad ionuclides.

As p ro te in  molecules a re  so lub le  in  the aqueous phase they could 

not be used to  determ ine the counting e f f ic ie n c y  of the equipment. 

Hence 14C la b e lle d  s te a r ic  ac id  which forms in so lu b le  monolayers was 

used. The pu lse  ra te  obtained as a  function  of co n cen tra tio n  is  

shown in  F ig . 4 .7 .

S ince the range of /3 p a r t ic le s  em itted  from 14C atoms is  about 

300/im in  w ater (Aniansson 1951), the pu lse  ra te s  obtained  from the 

adsorbed p ro te in  film s a re  the sum of the pu lse  ra te s  from the 

adsorbed m olecules a t  the in te rfa c e  and from the subphase molecules
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Fig . 4 .7  Pulse ra te  of s te a r ic  ac id  obtained fo r d i f f e r e n t  concen tra­
tio n s  to ob ta in  the counting e f f ic ie n c y  of the appara tus, 
using  a  p la s t ic  and liq u id  s c in t i l a n t  a t  the a i r / l i q u id  and 
l iq u id / l iq u id  in te rfa c e s  re sp e c tiv e ly .
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w ith in  a  depth of 300/im of the in te rfa c e . In order to  d is tin g u ish  

the count ra te s  due to  the subphase m olecules, a  non-surface  a c tiv e  

m a te ria l la b e lle d  w ith a  atom such as 14C-sucrose which is  so lub le  

in  the aqueous phase was used. The count ra te  fo r sucrose as a  func­

t io n  of con cen tra tio n  i s  shown in  F ig. 4 .8 .

In  th is  way the concen tra tion  of the adsorbed p ro te in  layer can 

be determ ined. The counts per second (CPS) a re  ob tained  from

CPS = E A m + E.A m, 4.16s c s d c D

where

Eg i s  the counting e ff ic ie n c y  fo r m ate ria l a t  the in te rfa c e ;

A i s  the s p e c if ic  a c t iv i ty  of albumin; c
m i s  the co n cen tra tio n  of the m ate ria l a t  the su rface ; s
E^ i s  the counting e ffic ie n c y  fo r m ate ria l in  the bulk;

i s  the co n cen tra tion  of the so lub le  m ateria l in  the bulk.

The experim ental re p ro d u c ib ility  i s  ±5%. A r e la t iv e ly  large  

source of e r ro r  i s  the background count which becomes more s ig n if ic a n t 

a t  h ig h er bulk co n cen tra tio n s. Coincidence counting would improve 

th i s .

For measurements a t  the o i l / l iq u id  in te rfa c e  i t  was seen th a t the 

p resence of liq u id  s c in t iH a n ts  tends to change the equ ilib riu m  a t  the 

in te r f a c e  and hence the CPS values decrease with time. This e f fe c t  

was only observed w ith p ro te in  so lu tio n s  and is  not seen with the 

so lu tio n s  used fo r c a l ib ra tio n . To a s c e r ta in  the c o r re c t values of T 

the decay r a te  of CPS were obtained and ex trap o la ted  to  the time t = 0 

when the liq u id  s c in t i l l a n t  is  added.
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F ig . 4 .8  Pulse r a te  of sucrose obtained fo r d if f e r e n t  concen tra tio n s  
a t  both  the a i r / l i q u id  and l iq u id / l iq u id  in te r f a c e s .  Being 
non su rface  a c tiv e , measurements determ ine the counts fo r a  
depth of 300 [im, th is  enables to d is tin g u ish  the count ra te s  
due to the subphase m olecules.
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4 .4  RESULTS

For any p a r t ic u la r  value of the bulk co n cen tra tio n  the values of 

su rface  co n cen tra tio n  (T) measured by th is  technique during the 

ad so rp tio n  of the p ro te in s  in d ic a te  th a t the ad so rp tio n  process is  

f a s t  as  compared to  the ra te  a t  which the su rface  p re ssu re  ( r )  reaches 

i t s  steady s ta te  va lue . This may be seen from F ig . 4 .9 .

The ad so rp tio n  isotherm  and the su rface  p re ssu re  isotherm  a t  

d if f e r e n t  values of bulk concen tra tion  a t  both the a i r / l i q u i d  and o i l /  

l iq u id  in te r fa c e  a re  given fo r pH4.7, pH7.4 and pHll in  F igs. 4 .10 , 

4 .11 , 4.12 and 4.13 re sp ec tiv e ly .

From the isotherm s i t  i s  c le a r  th a t although the su rface  or 

in te r f a c ia l  p ressu res  reach a  s a tu ra tio n  value the in te r f a c ia l  concen­

t r a t io n  in creases  m onotonically a t  both the a i r / l i q u id  and l iq u id /  

l iq u id  in te r fa c e s  fo r a l l  the observed v a lu es . This i s  thought to  be 

due to  changes in  packing of the adsorbed m olecules.

I t  i s  seen th a t the surface  p ressu re  a t  the l iq u id / l iq u id  in te r ­

face  i s  g re a te r  than the corresponding value a t  the a ir /w a te r  in t e r ­

face  fo r the same bulk concen tra tion  although su rface  co n cen tra tio n  is  

g re a te r  a t  the a ir /w a te r  in te rfa c e . Thus HSA is  more e f fe c t iv e  a t  

reducing the ten sio n  of an o i l / l iq u id  in te r fa c e  than of an a i r / l i q u id  

in te r fa c e .  This observation  is  c o n s is te n t w ith observ a tio n s  made by 

Graham & P h il l ip s  (1979).

From the isotherm s obtained a t  d if f e r e n t  values of pH, i t  is  

c le a r  th a t HSA a t  both the a i r / l i q u id  and l iq u id / l iq u id  in te rfa c e  is  

most e f fe c tiv e  a t  reducing the su rface  tension  a t  pH4.7. This shows 

th a t maximum ad so rp tio n  takes p lace a t  the i s o e le c tr ic  p o in t and can 

be seen by comparing t values a t  a  given bulk co n cen tra tio n  fo r
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Fig . 4 .9  Shows the ra te  of change of su rface  p ressu re  and the su rface  
co n cen tra tio n  fo r a  bulk con cen tra tio n  = 1.5 x 1 0 '5 wt% a t  
pH7. I t  i s  seen th a t su rface  con cen tra tio n  reaches a  steady 
s ta te  much more quickly  than the values fo r the su rface  
p re ssu re  which g radually  a t t a in  a  steady s ta te  co n d itio n .
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Fig. 4 .1 0  Adsorption isotherm for HSA at PH4.7, 7 ,4  and 11 are given  for d iffer en t bulk concentrations a t the a ir / l iq u id  in ter ­
face . The adsorption i s  maximum a t pH4.7, the is o e le c tr ic  point where the molecule i s  in i t s  most compact form and le a s t  a t pHll where i t  e x is t s  in an extended s ta te .
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Fig. 4.11 Adsorption isotherm for HSA a t pH4,7, 7 ,4  and 11 are given  for d iffer en t bulk concentrations a t the o i l / l iq u id  in ter ­face . The adsorption here a lso  is  maximum a t the is o e le c ­t r ic  pH but i s  le a s t  for pH7.4 where the m olecule is  most hydrophilic.
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Log Bulk Concentration (wt%)

Fig. 4 .12  Changes in surface pressure with bulk concentration are 
shown for pH4.7, 7 .4  and 11 a t the a ir / l iq u id  in ter fa ce . The isotherms for a l l  the values of pH are seen to reach a steady s ta te  a t higher bulk concentrations.
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Fig. 4 .13  Changes in surface pressure with bulk concentrations are 
shown for pH4.7, 7 .4  and 11 a t the o i l / l iq u id  in ter fa ce . The values are higher than the values for the isotherm at  the a ir/w ater  in ter fa ce . Here a lso  they reach a steadys ta te  a t higher bulk concentrations.
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d iffe r e n t pH va lu es. At the a ir / l iq u id  in ter fa ce , as the bulk 
concentration in creases, i t  i s  seen that the corresponding values of 
adsorption and surface pressure isotherm are in the order of pH4.7 > 
pH7.4 > pH ll. However a t the liq u id /liq u id  in terface  the isotherms 
are in  the order pH4.7 > pHll > pH7.4 in d icatin g  that the adsorption  
of p rotein s a t  pHll i s  greater than that a t pH7.4.

Since p ro te in s carry ion izab le  groups, a lte r a tio n  in  the value of 
pH are l ik e ly  to cause changes in  the ter tia r y  structure of the molec­
u le  in  so lu tio n . Such changes in structure are l ik e ly  to in fluence  
the way in  which the molecules adsorb and hence the surface concen­
tra tio n . D ifferences in  the order of the isotherms a t  a ir/w ater  and 
o il/w a ter  in ter fa ces  in d icate  a lso  that the adjacent medium has a ro le  
to p lay . These observations ind icate that a d eta iled  study of in ter ­
fa c ia l phenomena involving adsorbed layers of p rotein  as a function  of 
pH would help  in  an understanding of the conformational changes which 
are p o ss ib le .

Combining the surface pressure data with surface concentration  
data i t  i s  p o ss ib le  to construct t :A curves using Eq. 4 .1 5 . These 
curves for a ir / l iq u id  and liq u id /liq u id  in ter fa ces  are shown in F igs. 
4 .1 4  and 4 .1 5  for d iffer en t values of pH.

I t  i s  c lea r  from the r:A curves a t the a ir / l iq u id  in ter fa ce  that 
i t  i s  most condensed a t pH4.7 and the degree of condensation i s  in the 
order of pH4.7 > pH7.4 > pH ll. However, a t the liq u id /liq u id  in ter ­
face the degree of condensation for the d iffe r e n t values of pH is  in  
the order pH4.7 > pHll > pH7.4.

On comparison of the t :A curves obtained at a ir / l iq u id  and 
liq u id /liq u id  in terface  i t  i s  seen that the T ‘-A curves a t the a i r /
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Fig. 4 .1 4  Changes in surface pressure with area are shown for pH4.7,7 .4  and 11 a t the a ir / l iq u id  in ter fa ce . The curves are most condensed at pH4.7 and expanded at pHll.
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F ig . 4 .15  Changes in  surface pressure with area a t o i l / l iq u id  in ter ­face are given for pH4.7, 7 .4  and 11. Here the curves are 
most condensed a t pH4.7 and expanded at pH7.4.



127

liq u id  in ter fa ce  are more condensed than those obtained a t the 
l iq u id /liq u id  in terface  for a l l  the three d iffe r e n t values of pH.

These isotherms are then analysed to determine the conformation 
of the adsorbed protein  molecule with changes in  pH. This i s  achiev­
ed by comparing the curves obtained with those of lin ear  f le x ib le  
polymers which have been calcu lated  from a surface equation of s ta te  
based upon s t a t i s t i c a l  th eories of polymers. In th is  way, the con­
formation of the protein  film s a t both the a ir / l iq u id  and o i l / l iq u id  
in ter fa c es  can be evaluated in  terms of p rotein  segments ly in g  in  the 
surface or being solvated  by e ith er  of the bulk phases.

4 .5  MODELS OF ADSORBED POLYMER FILMS
Several th eories r e la tin g  to the surface pressure of adsorbed 

m olecules with the surface concentration have been developed. Singer 
(1948) has derived an equation of s ta te  for lin ear polymers adsorbed 
f la t  a t  a liq u id  surface. He proposed a two dimensional quasi la t t ic e  
in  which the lin ear polymers could move adopting a large number of 
con figu ra tion s. He used a  thermodynamical s t a t i s t i c a l  treatment for 
the surface polymers which i s  analogous to that of Flory & Huggins 
(1941) for polymers in  the bulk. The equation derived by Singer is :

x-1 Z* 1-20
T To x 2 In (-^r-5) - <n(l-9s) 4.17

where kT
T o ao
k Boltzman constant;

T temperature;
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aQ = the lim itin g  condensed area per s t a t i s t i c a l  u n it  
of the polymer;

0g = the degree of surface coverage and i s  given  by the 
ara tio  — where a, i s  the observed area per a , i

s t a t i s t i c a l  un it of the polymer; 
x = number of s t a t i s t i c a l  u n its  per polymer m olecule.

In the case of proteins x i s  large and so -* 1; 
Z’ = the la t t ic e  co-ordination  number and i s  designated  

a value between 4 (when the polymer is  com pletely  
f le x ib le  and can sample any la t t ic e  s i t e  on the 
surface) and 2 (when the polymer i s  a r ig id  and 
has a lim ited  choice of la t t ic e  s i t e ) .

For the protein  the equation can be w ritten  as:

J
'  20§ -  ln ( l  -  -  ln ( l-B s ) 4 .18

T heoretical r - k  curves have been ca lcu lated  using Eq. 4 .18  and are 
shown in  F igs. 4 .16  and 4 .17 when Z’ has values between 2.1  and 4, for  
arb itrary values of aQ.

The sm aller the value of a or Z’ the more condensed w ill  be theo
t :A curve. This model by Singer has been further extended by Motomura 
& Maturua (1963) to account for segment-segment and segm ent-solvent 
in tera c tio n s and by Frisch & Simha (1956, 1957) to account for loop 
formation when some of the segments are not in  d ir ec t contact with the 
surface, the remaining segments forming loops and tra in s in the liq u id  
phase. The equation derived by Frisch & Simha (1956) is  sim ilar to
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Fig. 4 .16  Surface pressure v s . area curves obtained by the ap p lica tio nof S in ger’s equation. Here a = 10 and the value of Z’ov a r ies  between 2.1 and 4. x-x  i s  an experimental curve
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Fig. 4 .17  Surface pressure v s . area curves obtained by using S in ger’s equation. Here aQ = 15 and the value of Z’ va r ies between
2.1  and 4.
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Eq. 4 .17  as I t  p red icts x when only part of the polymer i s  in contact 
with the surface. The equation then becomes

x = xo
4.19

where t t = number of amino acid  resid u e/p rotein  molecule;
u i = number of amino acid  in  d irec t contact with the 

surface;
. . t -  = in  loop configuration;

Z
2

u r l

I ' l U - i / t i ) In 1 - r  - \ )  p»s) -  i n  ( l-p 8 s )

When a l l  amino acid  residues are in  the tra in  configuration  then u i = 

t t and p = 1 and th is  equation becomes id en tica l to that of S ingers. 
x:A curves obtained by using Eq. 4 .18  are shown in  F ig s. 18 and 19.

Silberberg (1962) c r i t ic iz e d  the theory of Frisch  e t  a l .  (1956) 
on the grounds that i t  p red icts too high a proportion of long loops. 
He explained the adsorption phenomenon using a la t t ic e  model in which 
a l l  or only some surface s i t e s  are a c t iv e , i . e .  capable of adsorbing. 
He was the f i r s t  to introduce a s t a t i s t i c a l  theory for an iso la ted  
adsorbed chain co n sistin g  of loops and tra in s . He assumed that the 
polymers are adsorbed by attach ing many segments to the surface and 
extending short loops away from i t .  This suggested that the bound 
fra ction  tends to be much larger than that proposed by the Frisch & 
Simha (1956, 1957) model. S ilberberg (1968) la ter  modified h is  
theory to take account of la tera l in teraction s between the adsorbed 
chains. He used a step  function to describe in ter a c tiv e  loops.
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F ig . 4 .18  Surface pressure v s . area curves obtained by using the equa­tion  derived by Frisch & Simha to account for loop forma­tion . D ifferent values of u are p lo tted  when a^ = 15 and
Z’ =2.1. x-x is an experimental curve for pH7.4
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Fig. 4 .1 9  Surface pressure v s . area curves obtained by using the equa­tio n  derived by Frisch  & Simha to account for loop forma­tio n . D ifferen t values of u are p lo tted  when aQ = 15 and
Z’ = 4.
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Hoeve e t  a l .  (1965) c r it ic iz e d  the or ig in a l theory of S ilberberg on 
the grounds that the p o sitio n s of bound segments were too widely  
spaced and produced a theory in which the loops and tra in  s iz e  d i s t r i ­
bution was narrow and equal. Further, Hoeve (1970, 1971) described  
the la te r a l in teraction s between the polymer chains by introducing an 
exponential function . Both Silberberg and Hoeve assumed that during 
adsorption the surface was completely covered by loops and tra in s but 
t a i l s  were ignored (see  F ig. 4 .2 0 ) .

Unlike previous th eories. Roe (1974) explained polymer adsorption  
from so lu tio n  by using an a r b itr a r ily  fixed  la t t i c e ,  p a r a lle l to the 
surface to evaluate the number of ways of arranging polymer and s o l­
vent m olecules. The la t t ic e  was divided in to  layers of la t t ic e  s i t e s
la b e lled  i  = 1 ,2 ,3  ...........  M. Each layer c o n s is ts  of L la t t ic e
s i t e s .  Each la t t ic e  s i t e  i s  occupied by e ith e r  a  polymer segment or 
a so lven t m olecule. Thus

N° + rN = Ml 4 .20

where N° i s  the number of so lvent molecules and N i s  the number of 
polymer m olecules with r segments. Roe ca lcu la ted  the number of ways 
of arranging N° solvent m olecules and N polymer chains but was not 
able to determine the loop, t a i l  and tra in  d is tr ib u tio n s  which 
contributed to the adsorbed polymer chain.

Scheutjens & Fleer (1979, 1980, 1982) were ab le  to derive a more 
comprehensive theory based on Roe;s ideas. They combined Roe’s 
theory for polymer adsorption with the Flory-Huggins theory (1941, 
1942) of polymer so lu tion  thermodynamics. They took account of
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Fig. 4 .2 0  Schematic representation  of adsorbed polymer chains on a p a r tic le  surface.

F ig. 4.21 Adsorption isotherms for oligomers and polymers over the 
whole range of so lu tio n  volume fra c tio n s , from <j) = 0 to (j)̂
= 1. The to ta l surface coverage i s  expressed in  equivalent monolayers. The chain length, r , i s  in d icated . Full curves \  -  0-5; dashed curves  ̂ = 0; = 1; hexagonal
lattice (Aq = 0.5) (Scheutjens & Fleer, 1982).
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segm ent-solvent in teraction s through the Flory-Huggins parameter X- 

The in tera c tio n  between segments and the surface weis described in  
terms of a d if fe r e n t ia l segmental adsorption parameter .

The variab les computed by Scheutjens & Fleer (1982) for polymer 
adsorption are:

1. The r e la tio n  between adsorbed amount T and the bulk polymer 
concentration.

2 . The fra ction  of segments adsorbed in  tra in s f ( f  = 8/T where 
0g i s  the surface coverage).

3 . The fra ction  o f segments in  loops or t a i l s  and their  
d istr ib u tio n .

4. The adsorbed layer th ickness.
To make overa ll g en era liza tio n s, i t  i s  necessary to p red ict the 

v a r ia tio n s of the above q u a n tities  w ith surface coverage, molecular 
weight (m) and the molecular weight d is tr ib u tio n  (M.W.D.) of the 
polymer. Scheutjens & F leer (1982) have determined the above v a r i­
ab les as a  function of polymer volume fra ctio n s <t>H, chain length r. 
and the polym er-solvent in teraction  parameter x • Most of th eir
r e su lts  are for the c lo se  packed hexagonal la t t ic e  and chain lengths 
of up to r = 1000 were considered. Fig. 4.21 shows the adsorption  
isotherms of Scheutjens & Fleer (1982) from th eir  theory for the whole 
concentration  range of polymer volume fra ctio n s between 0 and 1. The 
to ta l surface coverage 0g i s  expressed in  equivalent monolayers. The 
in flu en ce of solvency was a lso  included in  these curves by using two 
values o f * . X = 0 (athermal so lven t) and X = 0 .5  (th e ta  so lv e n t) .
I t  can be seen from th is  graph that oligom ers adsorb according to a 
Langmuir type isotherm. The higher value o f r ( i . e .  the higher the
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M.W.) the surface coverage 0 Increases more with <|> . The e f f e c t  of 
so lven t q u a lity  on adsorption i s  important for d ilu te  polymer so lu ­
tio n s . At low <|>M the adsorbed amount increases with decreasing s o l­
vent q u a lity . The e f f e c t  becomes more with increasing chain length. 
This i s  co n sis ten t with the theories of S ilberberg (1962, 1968) and 
Roe (1974) and i s  due to the natural a ttr a c tio n  between segments in  
poor so lv e n ts .

The adsorption isotherm in  the d ilu te  concentration  region
according to Scheutjens & F le e r ’s theory (1982) i s  shown in  F ig . 4 .22 .
Again a range of chain lengths (r = 1-5000) are covered. Under these
con d ition s, monomers hardly adsorb. When r = 10 the isotherm i s  ju st
beyond the Henry region (g iv in g  some curvature) and for r > 20 high
a f f in i t y  isotherms are obtained. The adsorption isotherms for longer
chains (r  > 100) are typ ica l of those observed experim entally for most
polymers which are not too polydisperse, i . e .  showing a  steep  in i t i a l
r is e  follow ed by a nearly horizontal pseudo-plateau (which only
in creases a few per cent per decade of $*)• In d ilu te  so lu tio n , the
adsorbed amount from 0g so lven ts increase with increasing chain
length . However, in  good so lven ts 0g i s  much sm aller and le v e ls  o ff
for long chains to reach a plateau which i s  e s s e n t ia l ly  independent of
molecular w eight. V ariations of bound fra c tio n  f ( i . e .  the fra ctio n
of segments in  tra in s) and d ir ec t surface coverage 0j ( i . e .  the volume
fra ctio n  of polymer in  the f i r s t  layer) as a function  of chain length
for various volume fra ction  of polymer (j)̂  are shown in  F ig . 4 .2 3 . In

cthe Henry region (<})̂  < <f>̂ ), f i s  high and i s  independent of chain  
length r > 20. Scheutjens & Fleer ca lcu la ted  that here the m olecules 
l i e  nearly f la t  on the surface with 87% of the segments in  tra in s .



138

Fig. 2 lsotherms for oligomers and polymers of F
£  , dJ J u t e  concentration region. Full curves v dashed curves X = 0; = 1; hexagonal la t t ic e  J
(Scheutjens & Fleer,

ks 
1982).

4.210.5;0 .5 )
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At $ = 1, f i s  proportional to r"^. In F ig. 4 .23  (b) 0j increases  
sharply with r a t short chain lengths. In very concentrated so lu ­
tio n s i s  independent of r over the whole range of chain lengths. 
In good so lv en ts , the d irec t surface coverage i s  lower due to stronger  
repu lsion  between the segments.

Scheutjens & F leer (1980) used a matrix formalism to ca lcu la te  
the conformation of adsorbed chains. From the information thus 
obtained they computed the concentration p r o f ile  due to loops, t a i l s  
and tra in s . I f  the numbers and average lengths of tra in s , loops and 
t a i l s  are known, the root-mean-square average layer th ickness t rms can 
be ca lcu la ted .

For te s tin g  p red iction s made by the theory of Scheutjen & Fleer  
i t  i s  e s se n tia l that one should use monodisperse polymers. However, 
such systems are not very common. Yet q u a lita tiv e  comparison between 
theory and experimental r e su lts  have been made. Van der Linden & Van 
Leemput (1978) reported the re su lts  of the adsorption of near mono­
d isp erse  polystyrene fra ction s from cyclohexane a t 35°C (0 -so lv en t)  
and carbon te tra  ch lorid e (good so lven t) a t 35°C on non porous s i l i c a .  
The r e s u lts  showed the expected trend of a sharp r is e  in  the adsorbed 
amount with increasing polymer concentration reaching a p lateau. 
However, q u an tita tive  r e su lts  are d i f f ic u l t  to compare.

De Gennes (1976) proposed a theory for polymer adsorption based 
on sca lin g  r e la tio n s  for sem idilute polymer so lu tio n s. Polymer so lu ­
tion  can be studied by the local properties ( i . e .  a t strong magnifica­
tion  or the conformations and motions of one monomer in sid e  the chain) 
or g lobal properties ( i . e .  a t weak m agnification or the dependence of 
p h ysica l properties such as on chain length, concentration or few
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Fig. 4 .23  Bound fra ction  and (a) d irec t surface coverable (b) as a function  of chain length a t various so lu tion  concentrations. 
Full curves % -  0 .5 ; dashed curves  ̂ = 0; £ = 1;
hexagonal lattice (A = 0.5) (Scheutjens & Fleer, 1982).



141

few b asic  in teraction  parameters). Scaling laws are concerned with  
glob al properties of polymers as they remain true for a large c la s s  of 
polymer chains. Flory (1941) has given an expression  for the radius 
of gyration , S^, of separate c o i l s  for a d ilu te  so lu tio n  in  a good
so lven t

S = kaN.q g 1 4.21

where i s  the degree o f polym erization and k i s  a constant which 
depends on the d eta iled  monomer structure and on the so lv en t, a i s  the 
concentration of the monomer. Therefore in  th is  r e la tio n  q instead  
of k i s  u n iversa l. I f  the so lvent i s  good q i s  c lo se  to 3 /5  but i s  
equal to 1/2  for a theta so lven t. As d iscussed  by De Gennes (1976, 
1979), sca lin g  laws make use of the exponent. Hence in  Eq. 4.21 when 
the chain length i s  doubled in  s iz e  S w il l  be increased by a factor

De Gennes (1981) d ivided the adsorbed layer in to  three regions. 
These are shown in  F ig . 4 .2 4 .

a) A proximal region where the segment surface in tera c tio n s are 
predominant, i . e .  th is  i s  the tra in  domain. Here the segment 
d en sity  depends on the adsorption energy;
b) a centra l region where the chains are entangled. The 
segment d en sity  p r o f ile  i s  un iversal and independent o f bulk 
polymer concentration (j)̂ , and
c) a d is ta l  region which i s  the outer region of the adsorbed 
layer and i s  con tro lled  by a few large loops and t a i l s .  De 
Gennes assumed the concentration to relax  exp on en tia lly  towards
the bulk so lu tio n .
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CENTRAL DISTAL

Fig. 4 .2 4  D iv isio n  of area in  the proximity of a surface with polymers adsorbed according to sca lin g  laws (De Gennes, 1981).

De Gennes (1981, 1982) a lso  showed that the hydrodynamic th ick­
n ess of the molecule t^ i s  con tro lled  by the longest loops and t a i l s  
and should be comparable to the radius of gyration . I t  i s  g iven  by

~ k a N3 /5 4 .22

However, i t  i s  d i f f ic u l t  to v e r ify  Eq. 4 .22  experim entally as the 
measured value of t^ depends on the experimental technique used. 
Kato e t  a l .  (1981) from hydrodynamic measurements using photo corre la ­
tion  spectroscopy found the molecular weight dependence on t^ to be
0 .5 6  for polystyrene la t t ic e s  covered by polyethylene oxide in  water 
w hile Cosgrove e t  a l .  (1984) using the same system obtained a higher 
exponent for t^ ~ N° *8.
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S ca lin g  ideas a lso  pred ict the structure of the adsorbed layer to 
be independent of bulk concentration as the free  energy of the system  
i s  assumed to be dominated by the segments of the adsorbed layer. 
S ca lin g  theory, however, does not sp ec ify  the r is in g  part of the is o ­
therm. De Gennes (1983) a lso  predicted the adsorbed amount T in  the 
plateau  to be independent of M.W. and T to be proportional to X • 
These in te r e st in g  p red iction s are however d i f f i c u l t  to t e s t .

4 .6  DISCUSSION
4 .6 .1  Comparison of experimental data with s t a t i s t i c a l  th eories  

' Though many th eories have been put forward to exp la in  the behav­
iour o f polymers a t  in ter fa ces , te s tin g  the p red iction s i s  d i f f i c u l t ,  
sin ce  these th eories are mainly for monodisperse systems and assume 
that the monomolecular film s l i e  f la t  and unfolded a t  the in ter fa ce , 
e x is t in g  as a randomly c o ile d  thread on the surface, lo o se ly  anchored 
to the aqueous substrate by polar groups d istr ib u ted  along the thread. 
However, even a t  low concentration the m olecules of p rotein  in v estig a ­
ted here do not unfold com pletely a t the in ter fa ce . This i s  due to 
the e x isten ce  of d isulphide linkages which makes part o f the molecule 
r ig id . Therefore ap p lica tion  of the random c o il  theory to protein  
film s becomes ambiguous. Even for polymers these th eories have not 
been v e r if ie d  q u a n tita tiv e ly  although attempts have been made to 
exp lain  the experimental and the th eoretica l r e su lts  q u a lita t iv e ly .

Comparison of the adsorption isotherm of F ig. 4 .10  with those 
given  by Scheutjens & Fleer (1982) in F ig. 4.21 in d ica tes a sim ilar  
general trend but quantatively no comparison can be made as the
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parameters observed from experiments carried out here are d iffe r e n t  
from those required by the th eoretica l isotherms.

Comparison was a lso  made between the experimental t:A curves and 
the th eo re tica l j ' k  curves obtained by using S in ger’s equation for 
m olecules adsorbing in  a l l  train  configurations a t an in ter fa ce , for 
aQ equal to 10 and 15 A resp ectiv e ly . The general shape of the 
r e su lts  a t  the a ir/w ater in terface  i s  found to be sim ilar  to those of 
Fig. 4 .16  and l i e s  between Z = 2.1 and Z = 2 .5 . This shows that the 
molecule i s  not in  a fu lly  expanded a l l  tra in  configuration  and 
probably contains some condensed regions. This r e su lt  may be due to 
loop formation, but comparison with F ig. 4 .18  shows that although the 
areas occupied are now comparable the experimental curves are  
shallow er.

An exact comparison i s  not p o ss ib le  s in ce  the p ro te in s have a 
complex secondary structure which i s  not taken in to  consideration  in  
the polymer adsorption theory, but would account for the p rotein s  
being in  a more condensed s ta te . Another point of importance i s  that 
the p ro te in s are not homopolymers and the individual amino acid s w ill  
occupy d if fe r e n t  areas when adsorbed a t the surface. At the o i l /  
water in ter fa ce  in teraction s with the adjacent medium com plicate the 
s itu a t io n  and make comparison with theory even more d i f f i c u l t .

This i s  a lso  seen when the pH of the so lu tio n  i s  changed, the 
surface pressure atta ined  for the same bulk concentration i s  d if f e r ­
en t. This shows that the conformation of the adsorbed molecule is  
d iffe r e n t a t d iffer en t pH values. Hence the number of amino acid  
residues in  contact with the surface is  a lso  d iffe r e n t for d iffer en t
values of pH.
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4 .6 .2  Packing of macromolecules a t In terfaces
The conformation of macromolecules, e sp e c ia lly  p ro te in s , a t an 

in ter fa ce  requires d eta iled  information about the composition of the 
m olecules and the nature of the forces which e x is t s  between the sub­
u n its . This d eta iled  information i s  not o ften  a v a ila b le , therefore a 
gap e x is t s  between the molecular properties of the macromolecules and 
the macroscopic surface properties that i s  not easy to bridge. Hence 
d iffe r e n t  measures are adopted to understand the physical properties  
of the macromolecular systems.

F e itja r  e t  a l .  (1982) have used the so ft  p a r t ic le  concept for 
compact adsorbed macromolecules, th is  would mean that with increasing  
surface concentration, contraction  may occur due to the forces exerted  
on a g iven  molecule by surrounding m olecules. He uses the equation  
put forward by Helfand e t  a l .  (1961) for the pressure of a  two dimen­
sion a l f lu id  of d isk  shaped or spherical hard p a r tic le s  which i s

T = k T r /(l-0 s )2 4 .23

where k = Boltzman constant;
T = absolute temperature;
T = surface concentration in m olecules per u n it of surface  

area
0g = surface coverage.

and

0 = a /a  = xR< Ts m o  1 4 .24
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where a  = area of molecule; m
a = area of the u n it residue;o
Rj = the p a r tic le  radius in  the plane of the surface;
T = surface concentration.

According to Eq. 4 .23  the slope of the x~r isotherm should 
increase s te a d ily  with increasing surface coverage. However, when 
the surface pressure i s  p lo tted  aga inst the surface concentration the 
resu ltin g  r-r  curves are S-shaped (see  F ig . 4 .2 5 ) . The slope of the 
p lo ts  decreases with increase in  concentration. This decrease which 
occurs between 5 and 15 mNm‘ l has been explained by F e itja r  e t  a l .  

(1982). By changing the b asic  assumption that R remains constant, 
the r isotherm may become S-shaped. This shows that as the surface  
concentration  increases the radius R of the macromolecules changes. 
This decrease may occur due to the forces exerted by the surrounding 
m olecules causing the conformation to change.

The curves obtained in  th is  study for serum albumin a t  both the 
a ir /w ater  and o il/w a ter  in terfaces are a lso  S-shaped as shown in  F igs. 
4 .2 6  and 4 .2 7 . The r e su lts  show a lso  the changes which occur as the 
pH i s  varied  between 4 and 11. The surface coverage and the corres­
ponding average molecular areas are obtained using Eq. 4 .23  and are 
recorded in  Table 4 .1 .

I t  can be seen that a t high concentrations the area occupied by 
the m olecules has been reduced to about h a lf  the value a t low concen­
tra tio n s where there i s  no r e s tr ic t io n  on s iz e .  I t  i s  a lso  seen that 
the radius of the molecules for a given surface concentration  changes 
as the pH i s  varied . This i s  in part due to the conformational 
d iffer en c es  which occur in  the bulk a t d if fe r e n t  values of the pH and
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T f ( w \  K l / w i )

f7(mg/m*)

F ig . 4 .2 5  Experimental T~r curves of p ro te in s .(A) ^ -casein  (MW-24,000); pH=7.0; 1=0.1 e q / l i t e r ;(B) Ovalbumin (MW=45,000); pH=6.7; 120.03 e q / l i t e r ;(Fertjar e t  a l .  1982.)
=22°C. T=21#C.
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TABLE 4.1
The surface coverage and the average molecular areas obtained  for d ifferen t values of pH a t the air/w ater in ter fa ce

pH 7 .4

X
mNm"1

r
mgnT 2

r
mol.m"2

0ssurfacecoverage(m2)

Radius
(nm)

Area
(nm)2

2 1.35 1.18 x 1018 .85 0 4 .8 0 7 2 .4 0
4 1.52 1.33 x 1016 .880 4 .6 0 6 6 .5 0
6 1.65 1.44 x 1016 .900 4 .5 0 6 3 .6 08 1.75 1.52 x 1016 .910 4.36 59 .7  010 1.85 1.62 x 1016 .9 2 0 4.23 5 6 .2 012 1.92 1.68 x 1016 .924 4.19 5 5 .2 014 2.05 1.79 x 1018 .928 4.06 5 1 .8 016 2 .2 0 1.92 x 1016 .930 3.93 4 8 .5 0

17 2 .3 0 2-O 0x 1016 .9 3 0 3.84 46.32

pH 4 .7

2 1 .40 1.22 X 1016 .840 4.68 68.814 1.65 1.44 X 1016 .880 4 .4 0 60.826 1 .8 0 1.57 X 1016 .897 4.26 57.018 1.92 1.68 X 1016 .907 4.15 54.1112 2 .1 0 1.83 X 1016 .921 3.99 50.0118 2 .5 0 2.18 X 1016 .930 3.68 42.5420 2.75 2 .4 X 1016 .9 3 0 3.51 38.70

pH 11

2 1.25 1.09 X 1016 .850 4.98 77.914 1.42 1.24 X 1016 .898 4 .8 0 72.386 1.52 1.32 X 1016 .901 4.66 68.228 1.62 1.41 X 1016 .913 4.54 64.7512 1.78 1.55 X 1016 .926 4.36 59.7214 1.85 1.62 X 1016 .937 4.29 57.8215 1 .9 0 1.66 X 1016 .933 4.23 56.23
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p a rtly  due to the in teraction  of the molecules with the adjacent 
phase.

From Fig. 4 .26  (x v s . T) i t  i s  seen that for the same surface  
concentration, the surface pressure a t the a ir / l iq u id  in terface  has a  
maximum value of pHll. This shows that the number of amino acid  
resid u es in  contact with the surface i s  maximum a t pHll and in  the 
order pHll > pH7.4 > pH4.7. However, a t the liq u id /liq u id  in terface  
i t  i s  seen from Fig. 4 .27  (T v s . x a t l iq u id /liq u id )  that for the same 
surface concentration the maximum surface pressure i s  a tta in ed  a t  
pH7.4 in d ica tin g  that the number of amino acid  resid u es in  contact 
with the surface i s  maximum a t pH7.4 and in  the order pH7.4 > pHll > 
pH4.7.

In so lu tio n , the molecule of the p rotein  i s  most extended a t pH 
valu es away from the is o e le c tr ic  point where the molecule i s  in  i t s  
most compact s ta te . At the a ir / l iq u id  in ter fa ce , as adsorption  
proceeds, a molecule a t pHll has most of i t s  amino ac id  residues in  
contact with the surface while a t pH4.7 and 7 .3 , although changes in  
the configuration  of the molecules occur, i t  has fewer amino acid  
resid u es a t  the surface as compared with pH ll.

However, a t the liq u id /liq u id  in terface  the adsorbed molecule of 
p rote in  a t  pH ll, although in i t s  extended s ta te  in the bulk so lu tio n , 
tends to be more compact a t the in ter fa ce . This means that i t  has 
fewer amino acid  residues in  contact with the surface as compared with  
pH7. This shows that a t the liq u id /liq u id  in ter fa ce  close-packed  
loop formation is  in it ia te d  a t pHll by the bulk o i l  phase.
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- 2 .Surface Concentration (mgm )

Fig. 4 .26  R elative changes in  surface pressure as the surface concen­tra tion  increases for pH4.7, 7 .4  and 11 a t the a ir/w ater  in ter fa ce . The slope of the curve decreases a t the concen­tra tion  increases for a l l  the d iffe r e n t pH va lu es.
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-iSurface concentration ( mgm )

Fig. 4 .27  Changes in the surface pressure values as the surface  
concen-tration  increases a t the o i l / l iq u id  in ter fa ce  for so lu tion s a t pH4.7, 7 .4  and 11. Here a ls o  the slopedecreases as the concentration in creases.



152

4 .7  CONCLUSIONS
In th is  chapter experimental r e su lts  of in te r fa c ia l concentration  

of HSA measured d ir e c t ly  a t both the a ir / l iq u id  and liq u id /liq u id  
in ter fa c es  have been presented. These are further compared with  
valu es o f in te r fa c ia l concentration obtained in d ir e c t ly  by dynamic 
surface tension  measurements a t high frequency. Adsorption and surf­
ace pressure isotherms have a lso  been presented for d if fe r e n t  values 
of pH a t  the a ir / l iq u id  in terface  and compared with th e ir  equivalent 
isotherms a t  the llq u id /liq u ld  in ter fa ce . I t  i s  seen that for a l l  
the d iffe r e n t pH values r i s  higher a t  the liq u id /liq u id  in terface  for  
equivalent surface values of the concentration. In a l l  cases w ithin  
the experimental range considered, the surface or in te r fa c ia l  
pressures reach a  lim itin g  value but the surface or in te r fa c ia l con­
cen tra tion s continue to increase slow ly.
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CHAPTER FIVE 

DILATATIONAL RHEOLOGY
5.1  INTRODUCTION

As dynamic surface tension phenomenon are known to be se n s it iv e  
to interm olecular in teraction s therefore an attempt has been made to 
understand these in teraction s by studying the d ila ta t io n a l rheology of 
Human serum albumin a t the a ir / l iq u id  and liq u ld /liq u id  in ter fa ces .  
Monolayers adsorbed from bulk so lu tion  were used because, in  experi­
ments using spread monolayers, the presence of small organic molecules 
of the so lven t used to promote spreading remain, even a t  low concen­
tra tio n s and are known to g rea tly  change the rh eo log ica l properties  
(Blank ei al.  1970).

When p rotein s adsorb they form v is c o e la s t ic  f ilm s . These film s 
are p h y sica lly  strong and can withstand many d iffe r e n t  types of mech­
an ica l forces and hence are ab le to s ta b i l iz e  d isp erse  systems such as 
foams and em ulsions. Therefore, changes in  the e la s t i c i t y  of protein  
film  i s  o f great technological importance sin ce  p ro te in s form the 
b a sis  o f many in d u str ia l preparations such as are common in  the food 
in d u str ie s , pharmaceuticals, a r t i s t s  p a in ts , cosm etics e tc .

Rheology allow s the p red iction  of the deformation resu ltin g  from 
the ap p lica tio n  of a given  force system to a body. There are two 
ways in  which the rheological p rop erties of film s adsorbed at in ter ­
faces may be studied .

In one, the response to forces causing d ila ta t io n  or compression 
i s  stud ied . Here the shape of the film  remains constant but the area 
i s  varied . At equilibrium  the so lu tio n s of surface a c t iv e  substances
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in  the gaseous or liq u id  foams have a uniform surface coverage and the 
surface tension remains constant. As surface area i s  changed rapidly  
by expansion or compression, the surface tension  w il l  increase or 
decrease resp ec tiv e ly  and the surface w ill  no longer be in  e q u ilib ­
rium. In such a process the m olecules w ill  d if fu s e  across the surf­
ace or adsorb or desorb to restore the surface ten sion  to i t s  e q u i l i­
brium value. The response of the surface to d ila ta t io n  or compres­
sion  i s  described by a surface d ila ta tio n a l modulus, e, which i s  given  
by

where 7 i s  the surface tension and A the area of the surface element 
considered. The magnitude of e, in  general, depends on the extent of 
the expansion or compression and the time sca le  app lied  in  i t s  meas­
urements. The modulus i s  a complex function of the frequency and can 
be w ritten  as

e(itf) = e ’ (a/) + i e ’*(^) 5 .2

where W i s  the angular frequency.
e ’ i s  the real part of the complex modulus. I t  i s  a c tu a lly  the 

e la s t i c  energy stored in  the system and i s  a lso  known as the d ila ta ­
tion a l e la s t i c i t y ,  e^, i . e . ,

£' = ed 5 .3

6" is  the imaginary part of the complex modulus and accounts for 
the energy d issip ated  in the system and can a lso  be expressed in terms 
of the surface d ila ta tio n a l v is c o s ity , 77̂ .
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6” = 4/7d 5 .4

The second method by which rh eo log ica l parameters can be studied  
involves shearing of the adsorbed film . The res ista n c e  of the surf­
ace due to a change in  shape can be expressed by the surface shear 
modulus. This i s  measured by the surface shear e la s t i c i t y ,  and 
the surface shear v is c o s ity , rf . The d e ta iled  geometry of the appar- 
atus used i s  important in the measurement of shear v is c o s ity . The 
magnitude of the surface d ila ta tio n a l v is c o s ity  i s  found to be much 
larger than the surface shear v is c o s it y  for most systems p a rticu la r ly  
for those which show non-Newtonian behaviour (M. Van den Tempel,1976). 
This i s  one of the reasons why in  most ap p lica tio n s d ila ta tio n a l prop­
e r t ie s  are considered to be more important than the shear behaviour.

For in so lu b le  monolayers the value for the d ila ta tio n a l modulus 
can be derived simply from the equilibrium  r e la tio n sh ip  between the 
surface tension  and the surface concentration, T, o f the surface a c t­
iv e  m aterial. I t  i s  obtained d ir e c t ly  from the slop e of the surface  
pressure v s . area p lo t.

e ____<LL_C “ d ln f 5 .5

During the deformation process i f  adsorption from the bulk to the 
QneouSsurface i s  instant^ then the surface d ila ta tio n a l v is c o s ity  w ill  not 

e x is t  in d icatin g  i t  i s  an e la s t i c  surface but i f  the d iffu s io n a l 
interchange depends on the time sc a le  of the deformation process then 
surface d ila ta tio n a l v is c o s ity  w il l  be present. This delay in the
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establishm ent of the loca l equilibrium  a t  the surface in d ica tes the 
presence of another rate dependent process, such as the ex isten ce  of 
an adsorption barrier or the molecular rearrangement w ith in  the mono- 
layer. The system atic study of the d ila ta tio n a l e la s t i c i t y  and v i s ­
c o s ity  shows that molecules in  a monolayer e x is t  in  a se r ie s  of 
physical s ta te s  whose properties are h igh ly  dependent on the confor­
mation that a molecule adopts on adsorption a t  an in ter fa c e .

5 .2  METHODS FOR DETERMINING DILATATIONAL/OOMPRESSIONAL MODULUS
Three d iffe r e n t methods have been developed to measure the real 

and imaginary parts of the complex modulus. They are:
1. Wave damping;
2. Surface tension response to sin u so id a l area varia tion ;
3. S tress relaxation .

5 .2 .1  Wave damping
Since ancient times there has been an in te r e s t  in  waves a t liq u id  

su rfaces. This in te r e st  has led to the study of changes that occur 
a t an in terface  due to wave motion.

O rig in a lly  the damping of c a p illa r y  waves o f small wavelength or 
r ip p les were studied for the a n a ly sis  of fundamental surface proper­
t i e s .  I t  was Lord Kelvin (1871) who showed that the properties of 
r ip p les are mainly determined by surface tension , in  contrast to the 
long waves where gravity  i s  the main force . Hansen & Ahmed, (1971) 
R iH earts & Joos (1982), Van Voorst e t  a l . (1964) and Luccassen e t  a l .  

(1967) have made d eta iled  stu d ies of the p rop erties of ca p illa ry
waves.
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Damping or lo ss  of k in e tic  energy in  c a p illa r y  waves i s  mainly 
due to the v iscou s fr ic t io n  in  the liq u id  below the surface, lo ss  of 
such energy would therefore depend on the bulk v is c o s ity  of the 
liq u id . During wave motion, as the surface undergoes a ltern a te  
expansion and compression i t  causes lo ca l surface tension  changes to 
take p lace i f  an adsorbed or spread monolayer of surface a c tiv e  mate­
r ia l  i s  present. This causes m aterial transport along the surface and 
from the bulk to the surface. In such cases the pattern  of liq u id  
flow underneath the surface i s  a lte re d , g iv in g  r is e  to a higher rate  
of energy d iss ip a tio n  by v iscou s f r ic t io n  and consequently to a higher 
damping than would be expected for the surface o f a pure liq u id . 
I n i t ia l ly  a n a ly s is  of the response of a  surface to c a p illa r y  waves or 
r ip p les was carried  out for two extreme cases on ly . They were:

i )  the e f f e c t  of r ip p les on the surfaces of pure liq u id s where 
there i s  no surface e la s t i c i t y  to in flu en ce the wave motion. 
This was done by Stokes (1847). He determined the e f fe c t  of 
v is c o s ity  on the propagation o f waves on the surface of pure 
liq u id s;
i i )  the e f f e c t  of r ip p les on incom pressible monolayers where the 
horizonta l surface motion was v ir tu a lly  stopped. This was done 
by Lamb in  1945. I t  provided u sefu l inform ation about the prop­
e r t ie s  of a  liq u id  surface which determines the resistan ce  
aga in st deformation, that i s  the time dependent p rop erties of the 
adsorbed film s such as film  e la s t i c i t y ,  re laxa tio n  processes e tc . 
(Luccassen & Hansen, (1967); Lucassen (1968); Lucassen-Reynders 
e t  a l .  (1969); Garret e t  a l . (1970).
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In recent years i t  has become p o ss ib le  to analyse the behaviour 
of surfaces covered with v is c o e la s t ic  film s. A complete q u an tita tive  
a n a ly sis  by which the re la tion sh ip  between the dynamic surface proper­
t ie s  and subsurface liq u id  flow due to r ip p les has been presented. 
The mathematical treatment for th is  phenomenon has been provided by 
Levich (1941); Hansen et al. (1964) Van den Tempel et al. (1965 and 
1977).

The theory for the propagation of plane waves as developed by Van 
den Tempel et a l . ( 1965) i s  b r ie f ly  ou tlin ed  below. The fundamental 
p r in c ip les  in  the theory for the motion of the liq u id  on the surface  
invo lves two kinds of conservation equations. They are.

5 .2 .1 .1  The conservation of mass:

dU dVdx dy 0 5 .6

where U and V are the v e lo c ity  component of x and y which are the 
horizonta l and v e r tic a l coordinates of an element of the f lu id .

5 .2 .1 .2  The conservation of energy
This i s  represented by the Navier-Stokes equations which are:

„ dU 
P dt + + pV

dU
dy = - + ^ 5 .7

f  +dt +
dV = _ dp 

dy + 77AV - pg 5 .8

where p i s  the d en sity , g the acce lera tion  due to grav ity , 7) the 
v is c o s ity  of the bulk and p the pressure gradient.
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These equations must a lso  s a t is fy  two boundary con d ition s.
1. The v e r tic a l pressure component must be equal to the sum of 
the hydrostatic pressure of the gas phase and the Laplace 
pressure due to the curvature of the surface in  the presence of 
the wave.
2. The horizontal component a t the surface should be equal to 
the surface tension gradient with v a r ia tio n  in  area, d f / d k .

To sim p lify  these equations the only assumptions made by Van den 
Tempel were that the liq u id  i s  incom pressible and the liq u id  layer has 
in f in it e  depth, that i s ,  the depth of the layer i s  large compared with 
the wavelength of the waves being considered. The v a r ia tio n  in  surf­
ace tension  occurs due to p eriod ic  expansion and con traction  of the 
surface. The so lu tion  of the equations i s  then given  by:

U = Uj exp (ia/t) + U2 exp (2 itft) + ...........  5 .9

V = Vj exp (ia/t) + V2 exp (2 i t i t ) + .........  5 .10

These expressions are then su b stitu ted  in  the conservation equa­
tion , which along with th eir  boundary con d ition s, provide a re la ­
tionsh ip  defin in g  the c o e f f ic ie n ts  Uj and Vj . The so lu tio n s are 
obtained in  terms of su ccessive  approximations.

The theory provides a re la tion sh ip  between the frequency {w)  and 
the wavelength (A = 2x/k) by the follow ing expression:

4/2 g k + ( 7k3//?) 5.11
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where k = wave number;
g = acce lera tion  due to gravity;
p  -  d ensity  of the liqu id ;
7 = surface tension .

and the magnitude of the damping c o e f f ic ie n t  as

0  = 2 r j k * / 3 T p P  5 .12

where 1} = v is c o s ity
v  -  frequency.

The hydrodynamic theory p red icts a maximum in  the damping 
c o e f f ic ie n t .  This has been demonstrated by Luccassen & Hansen (1966) 
for both spread and adsorbed monolayers, in  systems where so lu te  
concentrations were s u f f ic ie n t ly  small that during wave motion 
d iffu s io n  from the bulk to the surface could be n eg lected . Luccassen 
& Hansen (1967) further extended these stu d ies by measuring the 
damping of ca p illa ry  waves on surfaces having appreciable d iffu s io n  
in terchanges.

They studied the e f f e c t  of waves on surfaces covered with mono- 
layers of fa tty  acid s having chain lengths of C5-C10. They found 
that the maximum values of the damping c o e f f ic ie n ts  decreased with 
decreasing chain length from C10-C5 . This they a ttr ib u ted  to the 
increasing e f fe c t  of d iffu s io n . They a lso  observed that the peaks of 
the damping c o e f f ic ie n ts  became p ro gressive ly  narrower as the chain 
length increased. This they suggested was due to increasing non­
id e a li ty  of the higher fa tty  acids from the Szyszkowski and Langmuir 
surface equation of s ta te .
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The d iffu s io n  c o e ff ic ie n t  ca lcu la ted  for pentanoic acid  and 
hexanoic acid  agree w ell with the accepted values g iven  by Longsworth 
(1953). They are both approximately 5x10"® cm2s e c '1. This suggests 
that for these acid s there i s  no adsorption b arrier . However for 
heptanoic acid  and octanoic acid  the ca lcu la ted  values of d iffu s io n  
c o e f f ic ie n t  were sm aller by a factor  o f about 10. From th eir  in vest­
ig a tio n s they have determined that a  small error in  damping c o e f f ic ­
ie n ts  ( 1% accid en ta l, 1% system atic) causes a larger error in  the 
ca lcu la ted  values of the d iffu s io n  c o e f f ic ie n ts .  They a lso  suggested  
that s in ce  these experiments were carried  out near satu ration  adsorp­
tion  th is  anomaly could a lso  be due to an in flu en ce of relaxation  
e f f e c t s  w ith in  the surface film . They do not sp e c ify  the type of 
relaxation  process that would take p lace in  a monolayer of fa tty  
a c id s . I t  could be the rearrangement o f the m olecules or simply the 
co lla p se  of the monolayer.

Hansen e t  a l .  (1968) studied the propagation of waves a t the 
water/mercury and water/heptane in te r fa c e s . They pointed out that a 
l iq u id /liq u id  in terface  was much more d i f f i c u l t  to study than an a i r /  
water in ter fa ce . The wave numbers obtained experim entally were 0.7% 
greater than those predicted by the theory. The damping c o e f f ic ie n t  
a t the water/heptane in terface  was about 20% higher than the predicted  
valu e. A more serious discrepancy occurred a t the water/mercury 
in terface  where the observed damping c o e f f ic ie n t  was over twice the 
predicted  value. They attr ib u ted  these d ifferen ces  to the contam­
in ation  of the in ter fa ce . The source of error could a lso  be due to 
the d i f f ic u l ty  in  studying the waves a t the liq u id / liq u id  in ter fa ce .

While performing a ca p illa ry  wave experiment Luccassen (1968) 
noted the ex isten ce  of longitudinal surface waves. The damping
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c o e f f ic ie n t  and the wave number of the longitudinal wave are determ­
ined by the e la s t i c  modulus rather than the surface tension  values. 
Unlike c a p illa r y  waves, the longitudinal waves are damped out much 
more rapid ly except a t high values o f the e la s t i c  modulus. Such 
waves can be in vestiga ted  experim entally over a wide range of fre ­
quencies so they are p o te n tia lly  of great in te r e s t  in  the study of 
monolayer relaxation  phenomena. The r e su lts  of Luccassen’s experi­
ments showed that the wavelength of the longitudinal waves was much 
greater than that of the c a p illa r y  waves, by a  factor  of almost 30.

Luccassen studied the propagation of waves for many d iffer en t  
mono-layers such as hexadecanol, methyl stea ra te , c h o le ste r o l, p a l-  
matic ac id  and le c ith in . However, only mixed monolayers of ch o lest­
ero l and le c ith in  were used for further q u an tita tive  stu d ies as they 
gave reproducible values of wavelength and damping c o e f f ic ie n t .  For 
other monolayers, e .g . hexadecanol and palm atic a c id , a  q u an tita tive  
study was not p o ss ib le  sin ce  the v ib ration s tended to induce monolayer 
co lla p se .

From the transverse wave c h a r a c te r is tic s  i t  i s  p o ss ib le  in  princ­
ip le  to determine the e la s t i c  modulus but only in  the region of maxi­
mum damping. However, Luccassen found that the surface e la s t ic  modu­
lu s ca lcu la ted  from longitudinal wave data i s  more accurate than that 
obtained from ca p illa ry  r ip p les . He made observations a t both high 
frequency and low frequency where the system remained near eq u ilib ra­
tion  and a system atic d ifferen ce  of the e la s t i c  modulus was obtained 
from these measurements. He a ttr ib u ted  th is  d ifferen ces  to n eg lect of 
the shear rheological parameters in the rip p le  theory or more lik e ly  
to the relaxation  phenomena occurring in  the monolayer. However he 
did not r e la te  th is  e f f e c t  to any p articu lar  relaxation  process.
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5 .2 .2  Surface tension  response to sinusoidal area varia tion
A convenient method for determining the surface d ila ta t io n a l/  

compressional modulus e was then developed by Luccassen & Van den 
Tempel (1972). I t  Involved the measurement of the surface tension  
v a r ia tio n s that occur in the system in  response to small sinusoidal 
area v a r ia tio n s. In p r in c ip le , the experimental cond itions should be 
such that the period ic  deformation i s  uniform over the en tire  area so 
that the measurements of var ia tion s o f the surface tension  values w ill  
provide a l l  the information required for obtaining the surface d ila ta ­
tio n a l modulus. For th eir  experiments they used the Wilhelmy p la te  
technique to measure the surface tension  changes. The sample was held  
in  a  rectangular trough made of T eflon, having a  movable barrier. 
The surface was p er io d ica lly  compressed and expanded by means of a 
small amplitude sin u so id a l o s c i l la t io n  of the Teflon barrier a t a 
frequency v .  A roughened g la ss  p la te  which was suspended from an 
electrob alan ce was used as the surface tension  sensor. I t  was 
connected to a  chart recorder which recorded the changes in  the surf­
ace tension  values as a function of frequency. The recorder was 
equipped with an ’event marker’ which gave a sign a l for maximum com­
p ression . I f  A? i s  p lo tted  aga in st AA, an e l l ip s e  i s  u su ally  drawn, 
sin ce  the tension and area changes are out of phase, as shown in Fig.
5 .1 . I f  the e l l ip s e  i s  boxed as shown in  the figu re , and i f  A, B, C 
and D are the p oin ts where the e l l ip s e  crosses the d iagonals, then the 
phase d ifferen ce  8 i s  ca lcu lated  using

A Rtan 0 /2  = 5.13
i .e .

8 2  t a n M 5.14
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AA

Fig. 5 .1  Change in  surface tension  values p lo tted  aga in st change in  area.
The d ila ta tio n a l modulus i s  then given  by

where c* = storage modulus; 
e" = lo ss  modulus;

The surface d ila ta tio n a l modulus can a lso  be ca lcu lated  by the 
fo llow in g equation i f  the applied v a r ia tio n s in area and surface  
tension  are of s u f f ic ie n t ly  small amplitude.

€

L A7 _ Ad7
€ 5.16
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where L = d istance between the barrier and end of the trough;
= amplitude of the o s c i l la t io n  of the b arrier.

Luccassen & van den Tempel (1972) a lso  derived re la tion sh ip s  
between the surface d ila ta tio n a l modulus, angular frequency and 
d iffu s io n  c o e f f ic ie n ts  for d iffu s io n  con trolled  processes. Taking 
account of the phase lag the follow ing equations were derived:

ift+2f+fa
5.17

where > dc / D
{ " dr * 2 u 5.18

and _<ULdlnT 5.19

and 5.20

where c = bulk concentration;
D = d iffu s io n  c o e ff ic ie n t;
T = surface concentration;
7 = surface tension .

They in vestiga ted  surface film s of decanoic a c id . Values of |e | 
were obtained from the measured surface tension var ia tion s by means of 
Eqn. 5 .16 .

They found good agreement between experim entally obtained and the 
predicted  values. Their re su lts  are shown in F igs. 5 .2  and 5 .3 . 
They a lso  ca lcu lated  the adsorption isotherm from the dynamic measure­
ments and found i t  to be in good agreement with the observations.
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1 * log u> (u> tn S'*)

i

F ig . 5 .2  Absolute value of surface d ila ta tio n a l modulus for decanoic acid  so lu tio n s . 0 2.0 x  10”8 mol cm”3; a  10”7 mol cm"3;A 4 .5  x  10"8 mol cm"3; u  10"7 mol cm"3 ; •  4 .5  x 10"8 molcm"3. Drawn lin e s  represent theory. (Lucassen e t  a l .  1972.)

log oj (coin S*’)

F ig . 5 .3  Absolute value of surface d ila ta tio n a l modulus for decanoic so lu tio n s. •  3 .0  x 10"8 mol cm"3 ; A 1.5 x 10" 7 mol cm"3;
© 7 .0  x 10"8 mol cm"3 . Q 2 .0  x 10"7 mol cm"3 . Drawn l in e s  represent theory. (Lucassen e t  a l . 1972.)
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Although surface tension changes caused by lo c a l, purely period ic  
area var ia tion s produced a simple method for determining the d ila ta -  
tion a l modulus, Luccassen e t  a l . ( 1972) demonstrated that the range of 
frequencies that could be used was very sm all. The wavelength could 
not be much sm aller than the length o f the trough due to the very 
strong damping of the longitudinal waves. This puts an upper lim it  
on the frequency. The fra ction  of the wave amplitude which remains 
a fte r  the wave has tra velled  one wavelength becomes very small and 
hence d i f f i c u l t  to d etect.

A lower lim it to the frequency range i s  e sta b lish ed  by the condi­
tion  that the wavelength should not exceed the length o f the trough 
too much in  order to avoid the in fluence of r e f le c t io n s  from the wall 
opposite the moving b arrier . Hence a d eta iled  a n a ly s is  of the r e su lts  
becomes r e s tr ic te d  due to the lim ited  frequency range that is  
a v a ila b le .

Luccassen & Barnes (1972) a lso  pointed out that the extent of 
deformation resu ltin g  from expansion and compression of a surface 
should be s u f f ic ie n t ly  homogeneous over the whole enclosed  area so as 
to permit accurate measurements. They showed that the p ossib le  
sources of experimental errors in general have a r e la t iv e ly  larger  
e f f e c t  on phase angle measurements than they have on measurements of 
| 6| . The wave propagation number W which i s  a dim ensionless quantity  
i s  given  by:

L h)
3/4

i
~ s w | T | )W 5.21
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where L = the d istan ce  between the o s c i l la t in g  b arriers; 
o> = angular frequency; 
rj = liq u id  v is c o s ity ;  
p  = liq u id  d en sity .

They showed that i f  W tends to be larger then 4 the error in 0 
(phase angle) i s  le s s  than 2* and that in  | f |  i s  le s s  than 1%. They
have further demonstrated that the quantity L does not s t r ic t l y  refer  
to the d istan ce between the barriers but i s  a c h a r a c te r is tic  dimension 
of a  uniform surface which can undergo a  compression/expansion type of 
deformation.

On the b a sis  o f th is  Luccassen & G iles  (1975) stud ied  the proper­
t ie s  o f non-ion ic su rfactan ts a t various frequencies. The schematic 
rep resentation  of th e ir  experimental se t  up i s  given  in  F ig s. 5 .4 a  and 
5 .4b .

Fig. 5 .4 a  Trough for dynamic surface measurements: A, s ta in le s s  s te e ldish; B, aluminium mantle; C, in le t  therm ostating water; D, lower FIFE bars; E, o s c i l la t in g  bars; F, attachment lower bars; G, Wilhelmy p la te . (Lucassen & G ile s , 1975.)
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E

F ig . 5 .4b  Measuring equipment for surface d ila ta tio n a l modulus (s id e  view): A, trough and mantle; B, electro-m icrobalance andWilhelmy p la te ; C, o s c i l la t in g  b arriers; D, knee jo in ts ;  E, p ivo ts; F, motor. (Lucassen & G ile s , 1975.)

The surface to be compressed and expanded was enclosed between 
four FIFE b arriers, two fixed  and two movable. The surface was p er i­
o d ic a lly  compressed and expanded by means of the sin u so id a l o s c i l la ­
tio n  o f these two movable b arriers. The var ia tion  in  surface tension  
was measured using the Wilhelmy p la te  technique. They studied non­
io n ic  surfactants both above and below the c r i t i c a l  m iscellar  con­
cen tra tion  (c .m .c .) .  The behaviour below the c.m .c was found to be 
d iffu s io n  con tro lled  and no evidence for the ex isten ce  o f a barrier to 
adsorption and desorption was observed. On comparing th eir  r esu lts  
with experiments carried  out by F. van Voorst Vader e t  a l . (1964) in  
continuous surface expansion of so lu tio n s , they concluded that there 
i s  a very c lo se  corre la tio n  between the o sc il la to r y  and steady sta te  
dynamic surface p rop erties in  the d iffu s io n  dominated region.
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Above the c .m .c ., however, they observed a rapid decrease in  
e la s t i c i t y  with increase in concentration accompanied by an increase  
in  the phase angle to values in  excess of x /4 . They a ttr ib u ted  th is  
behaviour to the ex isten ce  of m ice lle s , and explained i t  on the b asis  
that any surface deformation w ill  cause a change in  subsurface monomer 
concentration. Consequently the monomer m icellar equilibrium  w il l  be 
disturbed. The way in  which the system responds to th is  w ill depend 
on the m icellar relaxation  time, i . e .  the rate a t which m ice lle s  form 
and break up in  so lu tion .

5 .2 .3  S tress relaxation
In s tr e s s  relaxation  experiments, the surface area i s  subjected  

to a sudden change a fte r  which the surface tension  relaxation  i s  
measured. The time sca le s  of the relaxation  p rocesses can then be 
determined from the relaxation  curves.

I t  i s  e s se n tia l that v is c o e la s t ic  parameters are obtained a fte r  
equilibrium  has been a tta in ed , therefore i t  would be extremely time- 
consuming to use e ith er  the wave damping or o s c i l la t io n  method as the 
p rote in  so lu tion  used required a period of over 16 hours in  order to 
reach a steady s ta te . Hence for systems containing large molecules 
l ik e  p rotein s which, because they are complex in  structure a lso  have 
slow relaxation  p rocesses, the s tr e ss  relaxation  method appears to be 
the most su ita b le .

Veer e t  a l .  (1973) carried out a d eta iled  in v estig a tio n  of the 
re laxatio n  processes a t a surface covered with a surfactant monolayer 
and s o lid  surfactant p a r tic le s  which represents the condition  a fter  
monolayer co lla p se . They used s tr e ss  relaxation  experiments along
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with longitudinal surface waves, and gave a q u an tita tive  in terpreta­
tion  of the surface tension relaxation  phenomena in  terms of two 
p rocesses.

( i )  Surfactant exchange between the monolayer and the underlying 
so lu tion  by means of bulk d iffu s io n .

( i i )  Surfactant exchange between the monolayer and the p a r tic le s  
on the surface.

The second process i s  a combination of two d if fe r e n t  p rocesses, 
f i r s t l y  the surface d iffu s io n  to and from the p a r t ic le  governed by the 
surface concentration gradient and secondly a ra te  process a t the 
surface of the p a r t ic le . Veer e t  a l .  suggested that the la tte r  of 
these two processes w il l  be the rate determining step  a t  the a i r /  
liq u id  in ter fa ce . They carried  out measurements on an aqueous sus­
pension containing dodecanol, tetradecanol and hexadecanol. The
suspensions were prepared by d isso lv in g  the su rfactan ts in  water a t  a 
temperature w ell above th eir  m elting p o in ts and then coo lin g  to room 
temperature.

The d ila ta tio n a l modulus and the phase angle ca lcu la ted  from the 
long itudinal wave experiments were found to be in  good agreement with 
the th eo re tica l va lu es. From the a n a ly sis  of the longitudinal wave 
r e su lts  the surface tension  relaxation  curves were predicted  and 
compared with the experimental values obtained by performing s tr e ss  
re laxatio n  experiments. The predicted values were found to be in  
good agreement with the experimental curves.

S tress relaxation  experiments were a lso  done by L oglio , T esli & 
Cini (1977) using a d iffer en t method. They determined the surface 
d ila ta tio n a l modulus as a function of frequency, by the Fourier trans­
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formation of the surface tension relaxation  function  A7( t )  obtained 
from a s tr e s s  relaxation  experiment. The transformation from time to 
frequency was accomplished by the fo llow ing rela tion sh ip :

_  Fourier transform of A7( t )  j -  ~ ~

~  Fourier transform of (AA(t)/A)

The Fourier transform of a  function f ( t )  i s  defined  by

oo .F .T .[ f ( t ) ]  = /  5 .23
—0D

where a  i s  the angular frequency.
Since for the above condition  f ( t )  = 1 for t  < 0 . Eq. 5 .23  

reduces to
F.T. ( f ( t ) )  = J f ( t ) e  ltftdt 5 .24o

Since AA(t)/A i s  a step  function , i . e .  AA(t)/A = 0 for t < 0 and 
AA(t)/A = constant for t > 0, the Fourier transform ation was obtained  
a n a ly t ic a lly . Hence i t  was p o ss ib le  to obtain  num erically the 
Fourier transformation of the surface tension  decay, A7( t ) .

The experimental set-up  involved a Langmuir trough with two 
movable b arriers. By means of a Wilhelmy p la te , the rapid changes in  
surface tension values follow ing a sudden change in  area were continu­
ou sly  recorded. The surface tension relaxation  curve thus obtained  
i s  shown in  Fig. 5 .5 .
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F ig . 5 .5  Dynamic surface tension  data for dime thy ldodecylphosphine oxide, obtained by s tr e s s  relaxation  experiment (Loglio e t  a£.1977).
They studied three d iffer en t su rfactan ts, dimethyldodecylphos- 

phine oxide, sodium d iocty lsu lphosuccinate and heptaethylene g lyco l 
nonylphenyl ether.

For the numerical ca lcu la tio n  of the Fourier transform ation, data 
had to be recorded a t regular in terva ls  of three seconds. The values 
of the modulus obtained in  th is  way as a function of frequency were 
found to be comparable with those published by Luccassen & G iles  
(1975). They were a lso  ab le to ca lcu la te  the modulus a t a very low
frequency, 1x10"4 Hz, a range which was not p ossib le  by the use of the 
longitudinal wave method.
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The accuracy of the numerical a n a ly sis  was further improved by 
L oglio  e t  a l .  (1979) by reducing the time in terva l of data sampling 
from 3 sec s , to 0 .1  sec . This technique has a lso  been used by 
Callaghan e t  a l .  (1981) for measuring the d ila ta tio n a l properties of 
crude o i l .

5 .3  DILATATIONAL VISCOSITY
Another rheological parameter which measures the resistan ce  

aga in st change in  area i s  the surface d ila ta tio n a l v is c o s ity  (f/^). For 
a number of in so lu b le  monolayers the surface behaves as a purely 
e la s t i c  body where the surface d ila ta tio n a l modulus i s  independent of 
the wave frequency. Hence the e la s t i c i t y  modulus e = with 
surface d ila ta tio n a l v is c o s ity , 1 equal to zero. For a v is c o e la s t ic  
body the d iffu s io n a l interchange during surface expansion and compres­
sio n  i s  dependent on the frequency. As a  resu lt the surface d ila ta ­
tio n a l modulus i s  a lso  frequency dependent and the surface d ila ta tio n ­
a l v is c o s ity  w il l  no longer vanish.

During a surface d ila ta tio n  as for instance, during wave motion, 
the surface tension  i s  not instantaneously adjusted. Then another 
rate  dependent process, such as molecular rearrangements w ithin the 
monolayer must e x is t .  Very l i t t l e  experimental work involving surf­
ace d ila ta tio n a l v is c o s ity  has been published. The concept was 
introduced by Bousinnesq (1913). He defined i t  by the follow ing  
expression:

A7 V
dA d Adt 5.25
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where A 7 = change in  surface tension;
= d ila ta tio n a l v isc o s ity ;

A = area o f the surface;
t = time.

I t  was nearly h a lf a century la ter  that the f i r s t  r e lia b le  
measurements were carried  out by Van voorst Vader, Erken & Van den 
Tempel (1964). Their method was based on the re la tio n sh ip  described
by Boussinesq. Their apparatus con sisted  of a Langmuir trough with
two symmetrical motor driven b arriers. The v e lo c ity  o f these b arri­
ers  was chosen such that the r e la t iv e  rate of the surface extension , 
dlnA /dt, was kept constant. The increase in  the surface tension due 
to  an expansion was measured using the Wilhelmy p la te  technique. The 
r a t io  of the steady s ta te  surface tension  excess, A7 , and a r e la tiv e  
exten sion  ra te , enabled the d ila ta tio n a l v is c o s ity  to be determined. 
They further derived a  re la tio n  between A7 (dlnA /dt) and the bulk 
d iffu s io n  c o e f f ic ie n t , D, by using the Szyszkowski, Langmuir & Gibbs 
adsorption equations. This re la tion sh ip  i s  given by:

A7 = RTr In {-------------W t H ) . - )
00 (1+q-m) + ( 1-q+N) 2 + 4q

where q =
and cb =

S>— and m a * L2Ds s
bulk concentration;
Szyszkowski constant;
dlnA/dt;

T = saturation  adsorption;co
R = gas constant;

= absolute temperature.

5 .26

T
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They studied so lu tion s of lauryl a lcoh ol-5  eth ylen e oxide and 
dodecanediol-1,2 . They evaluated the d iffu s io n  c o e f f ic ie n ts  for  
these so lu tion s using the above rela tion sh ip  and found them to be 
1.2x10"5 cm2se c " 1 and 0.77x10"5 cm2se c " 1 r e sp e c tiv e ly . When compared 
with those predicted using em pirical equations by Longsworth (1953) 
such as:

1 /aD x 108 = 24.182/(V m -  1.280) 5 .27

where Vm is  the molecular volume, they found the experimental d if fu ­
sion  c o e f f ic ie n ts  to be 1 .5  to 2 times larger. The d ifferen ces  were 
attr ib u ted  to p o ss ib le  mechanical d e fec ts  of the apparatus, such as 
leakage along the barriers or uneven expansion of the surface which 
could lead to a non-uniform surface tension  excess along the surface. 
However, they have mentioned in  th e ir  a r t ic le  that they v e r if ie d  
experim entally the evenness of the expansion. A lso , i f  a Langmuir 
trough i s  properly constructed, leakages can be avoided. Therefore, 
i t  i s  p o ss ib le  that th is  discrepancy i s  true and not due to any error. 
N evertheless they concluded that there i s  no appreciable energy b arri­
er aga inst adsorption. They a lso  found that agreement between the 
theory, expressed in  Eq. 5 .26  and th eir  experimental values was 
e x c e lle n t . This i s  shown in Fig. 5 .6 .

R iH earts &  Joos (1982) developed a new technique for measuring 
surface d ila ta tio n a l v is c o s ity . The d ila ta tio n  o f the surface was 
achieved by applying a v e lo c ity  gradient by means of a s tr ip  drawn 
through the surface, as shown by the schematic diagram below (F ig. 
5 .7 ) .
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A y  (d y n e /c m )

F ig . 5 .6  R elative  rate of surface tension  <j) aga in st surface tension  d ev iation  A7 . o, dodecanediol-1,2; C^=466 x 10"8 mole/cm3;
curve I , th eo re tica l values assuming D = 1 ,2  x  10' 5 c , 2/ s e c .  
+ • lauryl a lcoh o l-5  E0. , C^=2.62 x 10' 8 mole/cm3;
curve I I , th eoretica l values assuming D = 0 .77  x 10' 5 cm3/  
sec . o* the same, 0^=1.90 x 10'8 mole/cm3 ;
curve I I I , th eoretica l values assuming D = 0.77 x 10~5 cm2/ s e c .  A: the same, (^=1.85 x 10' 8 mole/cm3 . (van
Voorst Vader e t  a t .  1964.)
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F ig . 5 .7  Schematic diagram of the apparatus used by R iH earts & Joos 
(1982).

They in vestiga ted  so lu tion s o f Na-myristate and N a-laurate. The 
a n a ly sis  of th eir  data was based on the theory of Van Voorst Vader et 
a l . { 1964). They found that th eir  r e su lts  agree w ell w ith the theory. 
The d iffu s io n  c o e f f ic ie n ts  for these surfactants were found to be of 
the order of 3x10"8 cm2sec"1. They did not however compare th eir  
r e su lts  with those predicted using the em pirical equation of Longs- 
worth. They further developed a theory for mixed surfactants and 
found that agreement between th eir  experimental data and that predic­
ted by th eir  theory was reasonable (see  F ig. 5 .8 ) .  Using th is  techni­
que they were a lso  able to achieve a much higher d ila ta t io n  rate than 
Van Voorst Vader et al . ,  (1964) i . e .  of up to 1 u n it o f area per sec .
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T  (dyn/cmj

F ig . 5 .8  Dynamic surface tension  of Na-laurate + Na-myristate so lu tion s Qj = C l / a . l (fo r  m yristate, Q2 = C2/ a 2 ( la u ra te ).
S o lid  lin e s  ca lcu la ted . (R ille a r ts  e t  a l . 1982)
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L. Ting e t  a l .  (1984) studied the dynamic in te r fa c ia l properties  
of ocatanoic acid  using longitudinal waves. For such waves the 
response of the surface i s  dependent on a combination of the surface  
shear v is c o s ity , f7g , and the surface d ila ta tio n a l v is c o s ity ,  i In 
order to d if fe r e n tia te  between them, they determined the surface shear 
v is c o s ity  in  a separate experiment using a  deep channel v iscou s trac­
tio n  viscom eter. The r e su lts  show that the surface d ila ta tio n a l  
v is c o s ity  i s  approximately two orders of magnitude greater than the 
surface shear v is c o s ity . Their r e su lts  are shown in  F ig. 5 .9 .  
These r e su lts  are in  good agreement with those observed by Maru & 
Wasan (1979) and by Djabbarah & Wasan (1982) for other systems.

Fig. 5 .9  The surface v is c o s i t ie s  at d iffer en t concentrations. The so lid  lin e  represents the sum of the two v is c o s i t ie s ;  the dashed lin e  the surface shear v is c o s ity  (Ting e t  a l . { 1984)
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The experiments in d icate  that while the surface d ila ta tio n a l v is c o s ity  
has only a minor e f f e c t  on the d ila ta tio n a l modulus the contribution  
due to surface shear v is c o s ity  i s  n e g lig ib le .

5 .4  CHOICE OF EXPERIMENTAL METHOD
From the numerous techniques described for the evaluation  of the 

surface d ilatation al/com p resslon al rheological parameters, the s tr e s s  
relaxation  method used by Loglio e t  a l . { 1977, 1979) was considered to 
be most su ita b le  for adsorbed film s of protein s which take a long time 
to reach equilibrium .

The advantages of th is  technique are:
1. Determination of the en tir e  spectrum of the v is c o e la s t ic  
parameters by the method of damping of the waves a t the in terface  
would require observations to be made over a  wide range of 
frequencies a t  both the a ir / l iq u id  and liq u id /liq u id  in ter fa ces  
for a  given concentration. However, in  the s tr e s s  relaxation  
method a  s in g le  experiment would be s u f f ic ie n t  for in v estig a tin g  
the en tire  range.
2 . As v is c o e la s t ic  parameters are obtained a fte r  a system has 
reached equilibrium , i t  would be extremely time consuming to use 
e ith e r  the wave damping or the o s c i l la t io n  method for systems 
such as proteins which take a long time to reach a steady s ta te .
3 . Measurements of the wavelength and the damping c o e ff ic ie n t  
using the ca p illa ry  waves method are subject to large errors a t  
liq u id /liq u id  in terfaces when compared with observation made at 
a ir / l iq u id  in ter fa ces . This a r ise s  as a r e su lt  of d i f f i c u l t i e s  
in  the alignment of the o s c il la to r  and receiver .
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4. The s tr e ss  relaxation  method enables the data to be obtained  
a t very low frequencies, v iz .  lower than 10"4 Hz which i s  not 
p o ssib le  by using e ith er  the wave damping or the o s c i l la t io n  
method.
5. Sampling of data a t in terv a ls  of 0 .1  seconds over the long 
times required to reach equilibrium  would be very tedious and 
would make data handling d i f f i c u l t .
Preliminary t r ia ls  showed that the decay was not a simple expo­

n en tia l function of time, therefore an a n a ly tica l expression  determ­
ined by a curve f i t t in g  procedure was used to represent the decay 
function . The Fourier transforms of the a n a ly tica l expression were 
then e a s ily  obtained.

5 .4 .1  Curve F itt in g  procedure
In an ideal case, when the decay i s  due to only one relaxation  

mechanism the decay curve can be represented by an exponential 
equation of the type:

A7(t) 5.28

where /? i s  the c h a ra cter is tic  frequency of the re laxatio n  process.
In a p ra ctica l system a range of independent re laxatio n  mechan­

isms occur sim ultaneously, each with i t s  own c h a r a c te r is tic  frequency, 
U. Thus the most probable equation to f i t  th is  decay curve would be a 
summation of exponential functions, and i s  given by:

n
A7( t )  = E GLek=l 5.29
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where 0 ^  i s  the c h a ra cter is tic  frequency of the kth process and a^/Eot  ̂
i s  the fra ction a l contribution  of that process.

Estimates of and 0 ^  are obtained from observations of A7( t ) .  
Errors involved in  measurements of times are assumed to be n e g lig ib le .  
I f  i s  the jth  observed value, then the residual i s  given  by:

wj = 47j - 5.30

The least-sq u ares technique cannot be applied to the above equation 
because of i t s  n on -lin ear ity  with respect to 0 ^ .  Thus i t  i s  necess­
ary to lin e a r ise  the function and th is  i s  achieved by expanding the 
term a^e (Guest, 1961). Thus:

{S“ke = O ^ e  \ t ) i  + /?£ 5.31

where

and

“k = “k + aii

= + ^k
F = a - e ^ k 4

and 0 ^  are f i r s t  approximations to the value of and 0 ^

Then i f
A 7 - =  A 7 j  - 5.32

dF , -  dF x = —3— and y = ----
da, 90,

5.33

F = a^e rk-A,*
where
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Thus Eq. 5 .30  becomes:
Wj = A7 - -  (Eot^x + 5.34

The least-sq u ares p r in cip le  s ta te s  that the parameters are to be 
chosen to minimize EwJ, thus leading to the fo llow ing se t  of
equations:

dTw'2. dJjw2.
— A  = 0; TT* = 0

\  P k
5 .3 5

The above equations can be solved  for ot£ and Hence the
estim ates of 0^ and can be obtained. The f i t t i n g  was achieved  
using a desk micro-computer (Apple l i e ) .  The program flow sheet and 
i t s  l i s t in g  are g iven  in  Appendix A.

5 .4 .2  Fourier Transformation
On su b stitu tin g  for A?(t) from Eq. 5 .2 9 , Eq. 5 .2 2  becomes:

€ =
F.T. (So^e V )  
F.T. (AA(t)/A) 5 .36

I f  f ( t )  i s  a function  of t ,  then the F.T. w il l  be given  by

F .T .[ f ( t ) ]  = /  f ( t ) . e  i6/tdt 5.37

thus the Fourier Transformation of A7( t )  is :

(D
J A7(t) e *wtdt
“CD

5.38
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since A7( t )  = 0 for t < 0
and M (t)  = Ea^e for t > 0

Then,

F.T.[A7( t ) ]  = /  Sake~^kte i(l,tdt 5 .39
-o

On so lv in g , g ives

F.T.[A7{ t ) ]  = 5 .4 0

and s im ila r ly

where
Thus

€

F.T.[A A (t)/A ] a
ih J

F^ = AA/A a

°k
Pk  + U>

1ai u a

n
E

k=l

IQLU

5.41

5 .42

M ultiplying the top and bottom by (/^  “ itf) and sim plify in g  g ives:

1 v , V J , W  , 5 .43e = f ~  53 ( a ^2 + 4/2 + 1 2̂ + a 2 )

Therefore
n

«* = r  s
a k=l

V *
£2 + 4/2

n
and €” = =- E F

a k=l
w 5.44

6* and e" are ca lcu lated  using a desk micro-computer. The l i s t in g  of 
the program is  given in Appendix B.
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5 .5  EXPERIMENTAL TECHNIQUES FDR DETERMINING SURFACE RHEOLOGY
Two d iffer en t experimental techniques were used to determine the 

d ila ta tio n a l rheology:
a. the expanding drop technique;
b. the Wilhelmy p la te  technique.

5 .5 .1  The expanding drop technique
The apparatus for th is  technique i s  shown schem atically in Fig. 

5 .1 0 . Here a small drop was produced a t the t ip  of a ca p illa ry  tube 
by means of a ca librated  syringe pump. The drop was connected to a
s e n s it iv e  pressure transducer, which was used to monitor the changes 
in  surface tension  values of the drop as i t  reached equilibrium . The 
c e l l  containing the drop was small and i t s  temperature and humidity 
were ca re fu lly  con tro lled . Using the syringe pump a small amount of 
the liq u id  was added to the drop suddenly which caused a change in  
surface area, w ith a corresponding change in  the surface tension of 
the drop. The pressure d ifferen ce  as given  by the Laplace equation i s

Ap 5.45

where Ap = pressure , and 
r = radius.

This shows that small changes in p w ill be most accurately  deter­
mined when the drop i s  approximately hem ispherical. The changes in  
in ternal pressure were recorded continuously u n til the drop reached 
i t s  equilibrium  s ta te . The apparatus was in terfaced  to the computer.
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Fig. 5.10 Schematic presentation of the expanding drop apparatus
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5 .5 .2  The Wllhelmv p la te  technique
The d e ta i ls  of th is  apparatus are given in  Chapter I I I . The 

protein  so lu tion  was poured in to  the trough and l e f t  to eq u ilib ra te  
(~16 h rs). During the eq u ilib ra tio n  period the surface tension was 
measured continuously with time in  order to make sure that equilibrium  
had been reached. The expansion of the surface was achieved by simu­
ltaneously  moving both of the motor driven b arriers. This ensured a 
uniform expansion of the surface. The Wilhelmy p la te  was placed in  
the centre of the trough and perpendicular to the b arriers in  order to 
minimise res ista n ce  to surface flow during expansion. The increase  
in  surface tension  and i t s  decay with time were then continuously  
monitored and recorded on the chart recorder. A typ ica l decay curve 
i s  shown in  F ig . 5 .11 .

5 .6  RESULTS
Dynamic surface tension  measurements on adsorbed monolayers of 

Human Serum Albumin a t a ir / l iq u id  and o i l / l iq u id  in terfaces were 
determined as a  function of concentration and pH. The decay data 
were f i t t e d  to the a n a ly tica l expression  given above. For the system 
used here two exponentials were found to be s u f f ic ie n t  to f i t  the data 
w ithin experimental error. F ig. 5.11 shows the f i t t e d  lin e  through 
the experimental p o in ts . I t  can be seen that a good f i t  i s  obtained, 
thus confirming the v a lid ity  of the equation used and in d icatin g  the 
ex isten ce  of a t le a s t  two dominant p rocesses. The values of the
Fourier transformation of the a n a ly tica l expression then y ielded  v a l­
ues of 6’ and e” . The ex isten ce  of two d is t in c t  relaxation  processes 
i s  a lso  shown by the Cole-Cole p lo ts . F ig. 5 .12 . Here e '  i s  p lo tted
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Fig. 5 .11a Surface tension  decay function (A7~ t) of human serum albumin. The concentration i s  1x10"4 wt% a t pH7.4. The kinks are due to change in  chart speed.
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Fig. 5.11b Comparison of the dynamic surface tension  data obtained by the s tr e s s  relaxation  experiments with the data obtained by the a n a ly tica l expression for the system 
described in  Fig. 5 .11a.
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Fig. 5 .12  Values of e ’ p lo tted  aga in st 6" as obtained by Fourier transformation of surface tension  decay function  for human 
serum albumin a t pH7.4.



Fig. 5 .13  Values of e *  and e" p lo tted  aga in st log frequency.
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Fig. 5 .15  Values of € ' and c” p lo tted  aga in st log frequency.C, = 4 .2  x 10"3 wt% when pH = 7 .4  and AA/A = 0.1cm.
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Surface Concentrat!on(mgm2)

Fig. 5 .1 6  The varia tion  of relaxation  time Tj as a function  of surface
concentration for different values of pH at air/water
interface.
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-2.Surface concentration (mgm )

Fig. 5 .17  Changes in the values of r2 as a function  of surface
concentration for different values of pH at the air/water
interface.
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- 2 .Surface Concentratlon(mgm )

F ig . 5 .1 8  The r e la tiv e  changes in the values of T l with surface
concentration are given for different values of pH at the
oil/water interface.
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F ig . 5 .19  The va r ia tio n s of the values of r2 w ith surface concen­
tra tion s are given for d iffe r e n t values of pH at the 
o il/w a ter  in ter fa ce .
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against e". I f  a s in g le  process i s  responsib le for the relaxation  
then a sem ic ircle  i s  expected. Hence the fig u res  dev iate  from a 
sem icircle  in d icatin g  the ex isten ce  of more than one process. The 
e n tir e  v is c o e la s t ic  spectrum i s  shown in  F igs. 5 .1 3 , 5 .1 4  and 5 .15  as 
a function of concentration. The c h a ra c ter is tic  tim es, and r2 , of 
the relaxation  processes thus obtained r e f le c t  the conformational 
changes that occur in  the in te r fa c ia l film .

The e f f e c t  of surface concentration on Tj i s  shown for d ifferen t  
values of pH in  F ig. 5 .16  for the a ir / l iq u id  system. I t  i s  seen that 
with increase in  bulk concentration the c h a r a c te r is tic  time decreases 
for a l l  the pH values. The second process which has a longer 
c h a ra c ter is tic  time, r2 , i s  shown for d iffe r e n t va lu es of pH as a 
function of concentration a t the a ir / l iq u id  in ter fa ce  in  Fig. 5 .17 . 
I t  i s  c lear  from the figure that r2 decreases w ith  increase in  
concentration for the d iffer en t pH va lu es .

At the o i l / l iq u id  in terface  i t  i s  seen that the ch a ra cter is tic  
time t j un like the values a t the a ir / l iq u id  in ter fa c e , increases with  
increase in  surface concentration and i s  shown in  F ig. 5 .18 for 
d iffe r e n t values of pH. The e f f e c t  o f concentration on r2 i s  shown 
in  F ig. 5 .19  for the same values o f pH. I t  i s  seen that the values 
of r2 a lso  increase as the concentration  increases for a l l  the pH 
v a lu es .

5 .7  PHENOMENA OCCURRING DURING RELAXATION
The determination of the modulus g iv es  information about the 

various processes which occur a t an in ter fa ce . In order to re la te  
the relaxation  parameters to actual physical or chemical phenomena so
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that the molecular conformation of the molecule could be understood, 
i t  i s  e sse n tia l to d istin g u ish  the various processes that occur during 
relaxation  experiments. They are:

a. Adsorption of molecules in to  the film  from the bulk.
b. M odification or u n co iling  of the m olecules once they have 

become part of the film . Molecules w il l  adopt a con fig ­
uration which reduces the surface free  energy of the system.

c. Aggregation or cro ss-lin k in g  of uncoiled  m olecules.
d. Relaxation of s tr e sse s  w ith in  the film  by rearrangement of 

m olecules in  the surface in to  a le s s  stra in ed  configuration .

Important information about adsorbed film s can be gained by 
determining the in i t i a l  rate of a rr iv a l of m olecules a t  an in terface  
as the adsorption here i s  ir r ev e r s ib le  and the a c tiv a tio n  energy i s  
zero. Ward & Tordai (1946) derived an expression  by which the 
in i t i a l  surface concentration, T, can be rela ted  to the d iffu s io n  
c o e f f ic ie n t  D and i s  given  by the equation

Dt .
r = 2 ^  ( j - V  5.46

where = bulk concentration and t = time of adsorption. For that 
part of the adsorption curve, where the re la tio n sh ip  T vs. t  ̂ i s  
lin ea r , the slope is  equal to D. This holds only in  the very early  
stages of adsorption where the substance once adsorbed, denatures and 
remains in the film .

Eq. 5 .46 can only be used i f  T i s  known. Therefore for subs­
tances whose T i s  not known d ir e c t ly , the d iffu s io n  c o e f f ic ie n t  can be
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determined by using the expression derived by Bendure (1971) for the 
reduced surface pressure v iz :

( 2RT DT
V * 5.47

where = bulk concentration;
R = gas constant;
T = absolute temperature;

7q = surface tension  of pure system;
7 = surface tension  of adsorbed film .

This equation p red ic ts  that a p lo t  o f the reduced surface p ress­
ure as a function of the square root of the adsorption time should be 
lin ear  with a  slope depending on the d iffu s io n  c o e f f ic ie n t .

The bulk d iffu s io n  c o e f f ic ie n t  can a lso  be estim ated from the 
v is c o e la s t ic  properties of the film . According to Luccassen & G iles  
(1975), for a  d iffu s io n  con tro lled  p rocess, the d if fu s io n  c o e ff ic ie n t  
i s  re la ted  to the c h a ra c ter is tic  frequency of the re laxa tio n  process 
by - 5 A ) 2“ 2 M r  > 5.48

where = ch a ra c ter is tic  frequency in  rad /sec. ;
D = d iffu s io n  c o e ff ic ie n t;

= bulk concentration;
T = surface concentration.

I f  the fa ster  of the two processes observed here is  d iffu s io n  
con tro lled  then the above equation should determine the d iffu s io n  
c o e f f ic ie n t  once surface concentration i s  known. Thus for a bulk
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concentration of 7.7x10"5 wt% the value of the d iffu s io n  c o e f f ic ie n t  
obtained i s  1.2 x 10"15 cm2 se c " 1 which i s  much sm aller than the 
l ite r a tu r e  values.

The values of D for HSA determined by q u a s ie la s t ic  lig h t  sc a tter ­
ing spectroscopy have been given  in  the lite r a tu r e  as 6 x 10"7 cm2 

se c " 1 (P h il l ie s  e t  a l . 1971). The c h a ra c ter is tic  d iffu s io n  time r* 
may be determined by using the E in stein  r e la tio n  which i s

r* = 62/2D 5.49

where 8 i s  the largest dimension of the molecule ( 1 4 0 i) .
From th is  r e la tio n  r* was ca lcu la ted  to be 1 .6  ( i s  (Schaaf e t  

a l . 1987).
We may compare r* with the experim entally determined values of T i 

and r2 . Even the short relaxation  time i s  a factor  of 10® longer 
than r ’ . This suggests that r l i s  a ssoc ia ted  with conformational 
changes in  the m olecules which take p lace a fte r  the molecules have 
d iffu sed  to the surface. The relaxation  due to d iffu s io n  i s  too fa st  
to be detected  by the current equipment.

5 .8  NATURE OF THE CONFORMATIONAL CHANGES IN THE HSA MOLECULE
In order to understand these e f f e c t s  i t  i s  necessary to consider 

the nature of the unfolding of the HSA molecule in  so lu tio n  and on the 
surface. The structure of the molecule was given in  Fig. 2 .4  from 
which i t  i s  seen that the presence of the d isu lphide bridges means 
that only in the presence of denaturing agents i s  i t  p o ss ib le  for the 
molecule to assume a s in g le  threadlike structu re. The loops indica­
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ted by 1 to 9 in the figu re  e x is t  a t neutral pH and as a resu lt  of the 
overa ll charges on the loops they a sso c ia te  to form globular regions 
or domains. A suggested structure for albumin a t  pH7 i s  shown in  
F igs. 5 .20a and 5.20b. The domains are folded together in  the native  
s ta te . On adsorption, in i t ia l  unfolding w ill c o n s is t  of an opening 
of the structure to reveal the domains. This opening up w il l  depend 
on the concentration with many molecules remaining in  th eir  n ative  
s ta te  a t  high concentrations.

The pH of the medium a f fe c ts  the conformation in  the bulk so lu ­
tio n . At pH4.7 where the molecule has equal numbers of p o s it iv e  and 
negative charges. I t  i s  most compact and most in so lu b le . Adsorp­
tion  i s  therefore high. At high values of the pH the molecule i s  in  
a p rogressive ly  more expanded s ta te . This has been demonstrated by 
the a c t iv it y  of the tyrosine resid u es. Eleven of the to ta l of 18 or 
19 are exposed a t pH11.4. The S-S bonds are extremely sta b le  between 
pH4.7 and pH7 and do not react even in  strong reducing agents. As 
the pH increases they gradually become more rea c tiv e  but f u l l  reduc­
tion  even a t high pH i s  only p o ss ib le  in  the presence of denaturing 
agents such as 8M Urea (Kauzman & Simpson, 1953).

Under acid  conditions expansion of the molecule f i r s t  into  
domains and la ter  in to  loops occurs. At pH2 a l l  carboxyl groups w ill  
be protonated and a high charge d en sity  of 1-2 p o s it iv e  charges per 10 

amino acid  groups occurs on each of the 9 loops.
C learly the conformation in the bulk w ill  a f fe c t  the behaviour of 

the molecules a fter  adsorption. The structure of the adsorbed film  
w ill  thus vary with pH and the v is c o e la s t ic  properties w il l  change as
a consequence.
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i

1 2 3 4 5 6

F ig . 20a On the b a sis  of F igs. 2 .3  and 2 .4  d is tr ib u tio n  of net charges in the double loops of albumin a t pH7.0 assuming no 
carboxyl or imidazole groups are protonated.

1 2  3 4 5 6  7 8  9

Fig. 20b A suggested grouping of loops of albumin in to  globular parts or domains a t pH7.4. T = trypsin; P = pepsin; S = s u b t i l is in .  The evidence for the d iv is io n  between loops 5 and 6 shown as a broken lin e  i s  le s s  sin ce th en it i s  for the 
other two sep aration s.
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5 .8 .1 . Films formed a t the a ir/w ater in terface
From Fig. 5 .16  the c h a ra cter is tic  time, Tj for the fa ster  process 

i s  seen to be le s s  a t pHll than a t  pH7.4 and pH4.7. These r e su lts  
are con sisten t with our knowledge o f conformations in  the bulk. At 
pHll the molecules adsorb in  a s ta te  in  which the domains and to some 
exten t the loops are already open and l i t t l e  time i s  needed to com­
p le te  the process. At pH4.7, however, the molecule s ta r ts  to unfold  
by separation of the domains, a process which w il l  continue as long as 
space i s  a v a ila b le . The behaviour i s  sim ilar a t  pH7.4 but as the 
molecule i s  s l ig h t ly  more a c ce ss ib le  to so lven t a t  th is  pH, i t  i s  le s s  
t ig h t ly  held together and the relaxa tio n  occurs more rea d ily . A 
q u a lita tiv e  model of the adsorbed m olecules i s  shown in  F ig. 20 for 
d iffe r e n t values of the pH.

The relaxation  time decreases w ith increase in  surface concen­
tra tio n  in  a l l  cases as a resu lt  of the decrease in  the space a v a il­
ab le  for expansion a t high concentration . The surface pressure of 
the m olecules already present on the surface hinders unfolding and 
many m olecules adsorb in  their  n a tive  form. Evidence for th is  i s  
obtained by the desorption of some m olecules from the surface film  
when i t  i s  compressed, see Chapter Three.

The second relaxation  process has a very long c h a ra c ter is tic  
time, r2 . Aggregation phenomena g ive  short times as shown by Veer e t  

a l .  (1973) therefore r2 cannot be due to th is . In any case although  
many proteins such as muscle p rotein s and the stru ctu ra l proteins of 
membranes, show strong aggregation p rop erties , HSA i s  u n lik e ly  to 
form aggregates with i t s e l f  although i t  frequently a sso c ia te s  with  
other m olecules. The most l ik e ly  process i s  thus the slow rearrange
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ment of the molecules allow ing them to take up le s s  strained  con fig­
u ra tion s. This w il l  involve the movement of whole domains or even 
n ative  molecules in  the surface a t the is o e le c tr ic  point and r2 has 
i t s  h igh est value. Since the charges on HSA render i t  most so luble  
a t pH7.4, the relaxation  could be a s s is te d  by parts o f the molecule 
being drawn back in to  the water phase. At pHll there are lik e ly  to 
be many long hydrophobic chains adsorbed a t the surface as w ell as 
domains. Entanglement of the m olecules could a lso  occur read ily . 
The re lea se  of stra in  i s  le s s  a s s is te d  by the bulk phase as a r e su lt.  
Hence r2 l i e s  between the values a t pH4.7 and pH7.4.

5 .8 .2  Films formed a t the o il/w a ter  in terface
Relaxation a t the o il/w a ter  in ter fa ce  takes p lace  much fa ster  

than a t the a ir/w ater in ter fa ce . i s  a  factor o f 10 fa s te r  and r2 

a factor  of 2. In ad d ition  x:A curves show that the film  i s  more 
expanded. Both of these e f fe c t s  a r is e  as a  resu lt  o f the additional 
in tera c tio n s with the o i l  phase which w il l  depend on the degree of 
hydrophobic!ty of the m olecule. HSA i s  most hydrophilic  a t the 
p h ysio log ica l pH7.4. Hence i t s  in tera c tio n  with the o i l  phase w ill  
be le a s t  a t th is  pH and the relaxation  time correspondingly longer. 
This i s  because i t  takes time for the hydrophobic subunits of the 
chains to become exposed to the o i l  phase. At pH4.7 as the molecule 
i s  most compact the degree of unfolding i s  le a s t  and hence i t  requires 
the le a s t  time. This r e su lts  in a higher surface concentration. At 
pH ll, some of the disulphide bridges on some m olecules are attacked in  
the bulk and the molecule is  considerably expanded. On adsorption, 
hydrophobic m oieties w il l  be drawn in to  the o i l  phase and the molec
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u les  are ab le  to contract somewhat when compared with th eir  behaviour 
at the a ir/w ater surface. This is  confirmed by the 5-10% increase in  
T a t the o il/w a ter  in ter fa ce . A suggested model of the adsorbed 
m olecules i s  shown in F ig. 5 .21 .

As the surface concentration increases the values of r is e .
This i s  in  contrast to the behaviour a t the a ir/w ater  in ter fa ce . It  
i s  a consequence of the fact that almost a l l  of the molecules arriv in g  
at the in terface  are ab le  to unfold to some exten t because of the 
in tera c tio n  with the o i l .

r2 . the slow process, i s  again assoc ia ted  with relaxation  of 
s tr e s se s  in  the film . The process i s  now a s s is te d  by the presence of 
the o i l  and hence the c h a ra cter is tic  times are lower. The film  is  
l ik e ly  to have a more compact structure a t  the i s o le c t r ic  point even 
though most molecules w il l  be unfolded to some ex ten t. r2 w il l  be
le a s t  s in ce  l i t t l e  readjustment needs to take p lace . At pHll the
molecule i s  most expanded and parts w il l  be drawn in to  the o i l  phase
providing an increased number of p o ss ib le  configurations to r e lie v e  
the s tr e s s e s . For pH7.4 the m olecules are l ik e ly  to reta in  some 
remnants of the globular structure and the rearrangement of these
larger masses w ill require a longer time. A ll re laxation  times are 
found to increase with concentration sin ce  in tera c tio n s between the 
m olecules causes the adjustment to slow down.

5 .8 .3  Measurement of from str e ss  relaxation  experiments
From the imaginary part of the modulus e, values of 1}^ may be 

determined for a particu lar frequency. I t  i s  given by
£" = VdU



(a) . (b)

Fig. 5.21 Model of adsorbed m olecules for d if fe r e n t  va lu es of pH i s  shown for the (a) air/w ater in ter fa ce  and (b) o il/w a ter  
in ter fa ces .

208
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-2.Surface Concentration(mgm )

Fig. 5 .2 2  The varia tion s of surface d ila ta tio n a l v is c o s ity  ( 77̂ ) as a
function of surface concentration for d iffe r e n t values of pH i s  shown for the a ir/w ater in ter fa ce .
(Maximum is  a tta in ed  e a r lie r  for m olecules in  the unfolded s t a t e . )
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-2,Surface Concentration (mgm )

Fig. 5.23 The relative changes of surface dilatational viscosity ( f)^ )
with surface concentration are given for different values of 
pH at the oil/water interface.
(Maximum is attained in the order of hydrophobicity.)



211

where e " i s  the imaginary part of the complex modulus. T)^ decreases 
with frequency. I t  i s  to be expected that T)^ should depend on the 
surface concentration and a lso  on the s ta te  of the m olecules in  the 
surface film . The values ca lcu lated  from the r e su lts  obtained a t the 
air/w ater in terface  for d iffer en t values of the pH are given in Fig. 
5 .2 2 . The curves increase with T and show a maximum value in  each 
case. The r e su lts  are co n sisten t with the model of the in terface  
suggested above. The more expanded the molecules the greater the 
number of segments in  the in te r fa c ia l region. Consequently the 
v is c o s ity  reaches i t s  maximum a t lower values of T.

At the o il/w a ter  in terface  loop formation in to  the o i l  phase 
in flu en ces the values of T}^, as shown in  F ig. 5 .2 3 . At pH4 sin ce  the 
molecules are le s s  unfolded than a t  other values of pH, T)^ reaches i t s  
maximum a t higher values of T. At pHll the molecule i s  more compres­
s ib le  than a t pH7, where some remnants of the globular structure  
remain. The values of T)^ are sim ilar a t  both in ter fa c es .
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CHAPTER SIX 

CONCLUSION
6.1  ADSORPTION AT AIR/LIQUID AND LIQUID/LIQUID INTERFACES

From the study of the adsorption ch a ra c ter is tic s  of a p rotein  i t  
has become c lear  that the time required for the adsorbed p rotein  mole­
cu les to reach a steady s ta te  i s  much longer than that for low molec­
u lar weight compounds. The surface tension decreases over a long 
period a fte r  adsorption i s  complete in d ica tin g  that slow adjustments 
in  the structure of the monolayer must be taking p lace . The accom­
panying conformational changes in  the adsorbed molecule have been 
sy stem atica lly  studied here by in v estig a tin g  the fo llow ing surface  
p rop erties .

1. Changes in  the surface or in te r fa c ia l ten sion s.
2. The in te r fa c ia l concentration corresponding to a given  bulk 

concentration.
3. The surface d ila ta tio n a l rheology.
A ll the above properties were measured as a function  of the pH 

and bulk concentration a t both the a ir / l iq u id  and liq u id /liq u id  in ter ­
faces.

6 .1 .1  Changes in the surface and in te r fa c ia l tensions
The change in in te r fa c ia l tension  i s  a measure of the surface  

a c t iv it y .  From the changes in the surface tension  values of an 
adsorbed film  of human serum albumin i t  i s  seen that equilibrium  is  
not atta in ed  u n til about 16 hrs a fte r  adsorption begins. This time 
dependent change is  a ttrib u ted  to d iffu s io n  of m olecules to the
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surface and subsequent changes that occur in  the conformation of the 
m olecule. At a p articu lar  bulk concentration as soon as molecules 
arrive  a t the in terface  a  cer ta in  degree of unfolding occurs which 
depends on the in ternal structure of the p articu lar  p rotein , and the 
m olecules spread out to occupy a greater area. They orien t so that 
the hydrophobic groups project in to  the apolar phase and the hydro- 
phi 1 l i e  groups towards the polar phase. The in i t i a l  rapid changes in  
the surface tension  values are d iffu s io n  con tro lled .

As more molecules arrive a t the in terface  and the surface concen­
tra tion  increases i t  becomes d i f f i c u l t  for further adsorption and 
unfolding to occur. Changes in  the in te r fa c ia l tension  values cont­
inue to occur but a t  a much slower rate u n til a  compact monolayer i s  
formed. Thermal motion in  the compact layer causes further very slow  
adjustments to the structure.

As the bulk concentration of the p rotein  so lu tio n  i s  increased  
the equilibrium  surface tension  values of the adsorbed monolayers 
decrease a t both the a ir / l iq u id  and liq u id /liq u id  in ter fa ces  u n til a t  
a p articu lar  concentration the monolayer becomes saturated . Any fur­
ther increase in  the bulk concentration does not s ig n if ic a n t ly  a f fe c t  
the surface tension  values.

As i t  i s  the surface concentration and area of the molecule a t  
the in terface  which a f fe c t s  the surface and in te r fa c ia l tension v a l­
ues, therefore any parameters which a f fe c t  the configuration  of the 
molecules should a lso  cause measurable changes in the way in which the 
surface and in te r fa c ia l tension v a r ie s . Thus, as was seen in F igs.
3 .9  and 3 .10  of Chapter Three, the pH of the so lu tio n  a f fe c ts  the 
charge d is tr ib u tio n  on the molecule and hence the a c c e s s ib i l i t y  of so l



214

vent to the in ternal structure causing various degrees of confor­
mational change with a resu ltan t change in 7 .

Proteins a t the in terface  e x is t  as fu lly  or p a r t ia lly  unfolded 
polypeptide chains in  the a -h e lix  configuration . The number of non­
polar sid e  groups extending in to  the hydrophobic phase and of polar 
sid e  chains in  the aqueous phase must be co n sisten t with the s te r ic  
configuration  of the m olecule. Lateral forces between sid e  chains 
and the in teraction s of the sid e  chains with the media a lso  influence  
th is  conformation. The number of the hydrophobic and hydrophilic  
groups exposed depends on the pH of the aqueous phase. The e f fe c t  is  
maximized for values of pH away from the is o e le c tr ic  point where due 
to the absence o f a net change, the molecule e x is t s  in  i t s  most com­
pact form.

In so lu tio n , the p rop erties of the molecule depends on the degree 
of io n iza tio n . Since fl-amino and carboxylic groups are used for the 
formation of the peptide bonds, therefore the polar groups of the ami­
no acid  sid e  chains must provide the major contribution  to the behav­
iour of the molecule in  e le c tr o ly te  so lu tio n . The groups in  the sid e  
chains of the amino acid  residues that contribute are the carboxyl 
group of glutam ic and asp a rtic  a c id s , the imidozole group of h i s t i ­
d ine, amino groups of ly s in e , phenolic hydroxyl groups of tyrosine, 
th io ls  of cy ste in  and guanidine residues of argin ine. They w il l ,  
therfore, carry a net p o s it iv e  or negative charge depending on their  
s ta te  of io n iza tio n .

As the charge on the protein  molecule is  a function  of pH there­
fore var ia tion s in the value of pH w il l  in fluence the conformation of 
the m olecule. Hence the properties of the adsorbed film  a t both the
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a ir / l iq u id  and liq u id /liq u id  in ter fa ces  w ill depend on the pH of the 
aqueous medium.

The unfolding of macromolecules i s  largely  dependent upon the 
in te r fa c ia l energy. For some liq u id /liq u id  systems where the in ter ­
fa c ia l energy i s  low, the unfolding of the adsorbed molecules of 
p rotein  i s  in h ib ited . As a r e su lt  the adsorbed film s in these 
systems are more compact than those formed a t  the a ir / l iq u id  
in ter fa ce .

However, when organic liq u id  penetrates between the hydrocarbon 
chains in  the hydrophobic residues of the molecules then the cohesion  
between the non-polar parts of the film  forming molecule reduces. 
This causes the macromolecules to unfold and adopt a loose configura­
tio n  a t  the surface. Such m olecules tend to form expanded film s far  
more rapidly a t the liq u id /liq u id  in terface  than a t the a ir / l iq u id  
in ter fa ce .

In so lu tio n  when the degree of io n iza tio n  i s  h igh, there i s  e le c ­
tr ic a l  repulsion  between the charged groups of individual m olecules. 
This causes the molecule to expand, thus changing the area occupied by 
the molecule a t the surface. Repulsion between the molecule r e su lts  
in  expansion of the whole film  and a s s i s t s  the unfolding. Also, due 
to the so lva tio n  of carboxyl or amino groups the a f f in i t y  of the mole­
cu le  for the so lvent i s  increased. This increases the tendency of 
the protein s to remain in so lu tio n , reducing the surface concentra­
tio n . However, a t the is o e le c tr ic  point where the net charge i s  zero 
the molecule adopts a compact configuration . Therefore adsorption of 
m olecules per u n it area reaches a maximum. In ad d ition , the a f f in ity  
of the p rotein  molecule for the so lvent decreases and the in ter fa c ia l  
f i lm thus formed wi l l  be le s s  hydrated and more concentrated.
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At the liq u id /liq u id  in terface  maximum adsorption i s  a lso  obser­
ved a t the is o e le c tr ic  p oin t. The adsorption, however, does reduce 
on e ith er  sid e  of the is o e le c tr ic  point but unlike the a i r /  liq u id  
in terface  i t  i s  seen that the adsorption a t pH 11 i s  higher than that 
a t pH7.4. As i t  i s  the number of segments adsorpted per u n it area  
that prim arily determines the in te r fa c ia l tension , those proteins  
whose molecular conformation permits maximum u t i l iz a t io n  of the 
a v a ila b le  hydrophobic groups to penetrate the in ter fa ce  w il l  decrease 
the free  in te r fa c ia l energy to the g rea test ex ten t. This is
il lu s tr a te d  by comparing the in te r fa c ia l tensions of so lu tin s  a t pH 11 
and pH7.4 a t  the liq u id /liq u id  in ter fa ce . At pHll the molecule i s  
more unfolded in  so lu tion  than a t  pH7.4 and hence a large number of 
segments per u n it area are adsorbed i n i t i a l l y ,  r e su ltin g  in  a  lower 
in i t i a l  in te r fa c ia l tension .

A marked d ifferen ce  in  the adsorption c h a r a c te r is tic s  i s  a lso  
observed with a change in  non-polar media.

At a g iven  pH, say pH ll, the d ifferen ce  in  adsorption between the 
a ir / l iq u id  and liq u id /liq u id  in ter fa c es , as shown in  F igs. 3.11 and 
3 .1 2 , can be a ttrib u ted  to the d ifferen ce  in  the in tera c tio n  of the 
hydrophobic sid e  chains with a ir  and with the non-polar medium. The 
increased in teraction  with the non—polar phase causes further unfold­
ing and expansion of the m olecules in the adsorbed monolayer.

6 .1 .2  In ter fa c ia l concentration corresponding to a given bulk 
concen t ra t i on

From the d irec t surface concentration measurements obtained by 
the radio tracer technique i t  i s  c lear  that the in i t i a l  rate of a r r i­
val of the molecules a t the in terface  i s  high and i t  gradually reaches
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a plateau (see  Fig. 4 .9 ) .  The time required for the molecules to 
penetrate the in terface , as ca lcu lated  from the d iffu s io n  c o e f f ic ie n t  
valu es, i s  found to be of the order of 10-6 sec . This shows that the 
in i t i a l  rate of adsorption i s  very rapid and i s  d iffu s io n  con tro lled . 
The a c tiv a tio n  energy to adsorption i s  zero i n i t i a l l y .  Hence during 
the early  stages of adsorption every molecule that c o ll id e s  with the 
in terface  i s  adsorbed and th is  adsorption i s  ir r e v e r s ib le . However 
as the surface concentration becomes e f f e c t iv e ly  constant the con tin ­
ued decrease in  the in te r fa c ia l tension  values shows that the molec­
u le s  in  the monolayer are rearranging to form a condensed film . From 
the measurements of surface concentration which are obtained as a  
function of bulk concentration and pH, i t  i s  observed that a fte r  the 
in i t i a l  rapid adsorption the rate o f increase in  the surface concen­
tra tion  i s  c lo se ly  re la ted  to the dimension of the molecule in  
so lu tio n .

From the rate of adsorption obtained by the radiotracer r e su lts  
F igs. 4 .1 0  and 4 .11 , i t  i s  observed that the maximum amount adsorbed 
i s  h igh est a t the is o e le c tr ic  point for both the a ir / l iq u id  and 
liq u id /liq u id  in ter fa ces . This i s  because in the in i t i a l  rapid 
adsorption the compact form of the molecules a llow s for greater  
numbers to arrive  before the unfolding begins. At other values of 
the pH the amount adsorbed depends on the conformation in  so lu tion  and 
the in teraction  with the apolar phase. This accounts for the
d ifferen ces  which are observed in the behaviour a t pH 7 and pH 11.

6 .1 .3  Surface d ila ta tio n a l rheology
The u ltim ate configuration  adopted by the molecule on adsorption  

a t an in terface  depends on the nature of the molecule i t s e l f .  In the
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case of /2-casein, which approximates a random c o i l ,  the adsorption at  
the a ir / l iq u id  in terface  for low surface coverages occurs with the 
peptide backbone ly ing in  an a l l  tra in  configuration . As surface  
concentration in creases, the adsorbed layer becomes c lo se  packed and 
loop formation becomes en e r g e tica lly  favourable.

I t  i s  seen that the globular protein s are more e f f ic ie n t ly  packed 
than other p ro te in s. This i s  due to the presence of d isulphide  
bridges between the two c y ste in  residues. These d isulphide linkages 
impose considerable restra in  on the structure of the molecule and the 
in teraction  between p rotein  molecules in  the adsorbed film , thus 
in fluencing the degree of molecular unfolding which i s  p o ss ib le  a t  the 
in ter fa ce . In other words, the degree of unfolding a f fe c t s  the 
surface a c t iv it y  of the p rotein .

The relaxation  time rela ted  to unfolding of the m olecules i s  
orders of magnitude greater than that for adsorption. The surface  
concentration i s  largely  determined before unfolding begins. The 
degree of molecular unfolding a t the in ter fa ce  i s  s ig n if ic a n t ly  
influenced by the surface concentration of the adsorbed layer. The 
h yd rop h illic  and the hydrophobic residues are p r e fe r e n tia lly  located  
in to  the water and a ir  phases r e sp ec tiv e ly . Hence ^ -casein  although 
able to unfold completely does not do so a t high surface concentration  
at the a i r /  liq u id  in ter fa ce . However, the adsorbed film s of 
/?—casein  a t the liq u id /liq u id  in terface  are more condensed than a t the 
a ir / l iq u id  in terface  because in teraction  with the apolar medium allow s 
exten sive  loop formation. Hence d iffe r e n t structures occur a t the 
two d iffe r e n t in terfaces (Graham & P h il l ip s , 1980). In the case of 
globular p rotein s i t  i s  c lear  from the adsorption isotherm that they
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do not adsorb even a t low surface coverage in  an a l l  tra in  configura­
tion . Some residual elements of the n a tive  structure remain. The 
degree of molecular unfolding a t the in terface  a lso  depends on the 
packing of the adsorbed m aterial.

The surface rheologica l parameters r e f le c t  the nature of in ter -  
molecular in teraction s in  the adsorbed layer. These in  turn depend 
on the degree of unfolding of the m olecules. Measurements of dynamic 
surface tension were therefore made so that information on the relax­
a tio n  mechanisms could be obtained. The s tr e s s  relaxation  method was 
used sin ce  i t  i s  simpler experim entally and a s in g le  experiment prov­
id es information a t  a l l  frequencies.

The surface d ila ta tio n a l modulus was measured as a function of 
frequency bulk concentration and pH a t both a ir / l iq u id  and liq u id /  
liq u id  in ter fa c es . The i n i t i a l  adsorption i s  so fa s t  that i t  i s  not 
recorded by th is  technique. Two further relaxation  mechanisms were 
detected  and the c h a ra c ter is tic  tim es, Tj and r2 determined. and 
r2 both varied with the above parameters. Ck)le-Cole p lo ts  (F ig .5 .12)  
confirmed the ex isten ce  of two relaxation  p rocesses.

The storage modulus or e la s t i c i t y ,  e ’ (r e a l)  r is e s  with frequency 
reaching a lim itin g  value, e , when there i s  no exchange between surf­
ace and bulk.

Tj i s  a strong function of the surface concentration and decreas­
es as T increases a t the a ir / l iq u id  in ter fa ce . This i s  due to the 
fact that as the number of molecules present in the surface increases, 
the space ava ila b le  for newly adsorbed m olecules to unfold decreases 
and hence the degree of unfolding is  le s s  and takes le s s  time.

Because of the in teraction s of hydrophobic sid e  groups with o i l  
and the p o s s ib i l i ty  of loop formation which penetrate the o i l  phase,
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the var ia tion  of T i and T i s  d iffer en t a t the o i l / l iq u id  in terface .
, which i s  a ssoc ia ted  with the unfolding, i s  lower a t  the o il/w a ter  

in terface  than a t the a ir / l iq u id  in terface  as a r e su lt  of th is  in ter ­
ac tio n . With increase in  T, the value of T t r is e s .  Because the 
molecules are ea s ier  to unfold the time involved in  the process i s  
le s s .  As T increases the adsorbing molecule takes a longer time to 
unfold as i t  must push a sid e  the already adsorbed m olecules. This 
process i s  p o ss ib le  a t the o il/w a ter  in terface  as o i l  a s s i s t s  in the 
formation of loops.

The pH of the so lu tio n  in flu en ces the conformation of the d is s o l­
ved m olecules. At pHll the protein  i s  in  i t s  most extended form 
although i t  may s t i l l  have r ig id  portions when compared with a random 
c o i l .  When the molecule adsorbs very l i t t l e  time i s  required for 
further unfolding. At pH4.7, however, the surface concentration is  
higher because of the compact conformation of the m olecules and th is  
in  turn requires a longer time to unfold . At pH7.4 the s ta te  is  
interm ediate and the time required i s  between those corresponding to 
pH4.7 and pH ll.

The r e su lts  for the o il/w a ter  in ter fa ce  show that the grea test  
time required for unfolding occurs a t pH 7 .4 . At th is  value of the 
pH the in te r fa c ia l tension  i s  a maximum (F ig . 3 .1 2 ) . This im plies 
that the molecule is  in i t s  most hydrophilic s ta te  and time is  
required for the hydrophobic m oieties to become exposed before they 
orien t and move in to  the o i l  phase. At pHll the in te r fa c ia l tension  
i s  lower than at pH7.4. This i s  due to the add itional f l e x ib i l i t y  of 
the chains. The sm aller area per molecule which r e su lts  from loop 
formation im plies that more m olecules can adsorb. The time necessary
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for the relaxation  i s  lower because the molecule i s  already in  the 
unfolded s ta te . At pH4.7 the area occupied by a molecule i s  le s s  
than that a t pH ll. I t  i s  therfore concluded that the degree of 
unfolding i s  a lso  le s s  and requires a shorter time.

The longer relaxation  time, r2 , i s  assoc ia ted  with rearrangements 
of the molecules w ithin  the adsorbed film . After in i t i a l  unfolding  
the molecules are not arranged in  th eir  most favourable conformational 
s ta te . A slow readjustment to re lease  stra in  in  the film  occurs. 
At the air/w ater in terface  the values of r2 decrease with increase in  
surface concentration.

6 .1 .3 .1  Comparison of r t ( fa s t  relaxation  process! a t the 
air/w ater and the o il/w a ter  in terface

The relaxation  times are -footer by a factor of about 10 a t the 
o il/w a ter  in terface  than a t  the a ir/w ater  in ter fa ce . This i s  true 
for a l l  values of pH. This phenomenon may be explained by the fact  
that the presence of the o i l  phase g rea tly  a s s is t s  in  the unfolding  
process. At the a ir/w ater in terface  the unfolding i s  probably con­
fined to the in i t i a l  separation of the domains away from each other. 
At pH4.7 the molecule i s  most in so lu b le  exerting  maximum hydrophobic- 
i t y .  At other values of pH the molecule in so lu tion  i s  le s s  compact 
and allow s some so lvent penetration  while a t pHll i t  has already a 
fa ir ly  open structure as shown by s iz e  determ ination. Hence a t pHll 
le s s  time i s  required for unfolding on the surface sin ce  the molecule 
i s  adsorbed in almost th is  condition  while a t pH4.7 where the molecule 
i s  most t ig h t ly  bound the unfolding takes the longest time. At high 
T a t the a ir/w ater in ter fa ce , many molecules may not
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have space to unfold com pletely hence the value of decreases with  
Increase in  T. At the o il/w a ter  in ter fa ce , however, sin ce  the area  
ava ila b le  i s  higher for a given bulk concentration the molecules do 
unfold even a t  the h ighest concentrations although the la te  a r r iv a ls  
require more time to do so. Hence x increases with increase in  T. 
I t  i s  s t i l l ,  however, very much sm aller than the values a t the a i r /  
water in ter fa ce .

6 .1 .3 .2  Comparison of ra (slow relaxation  process') a t the 
air/w ater and o il/w a ter  in ter fa ces

The relaxation  times r2 are longer a t  the a ir/w ater  in terface  by 
a factor of 2 than a t the o il/w a ter  in ter fa ce . The relaxation  i s  
associa ted  with the adsorbed film  ad ju stin g  i t s e l f  u n til  i t  a tta in s  a 
s tr e s s  free  cond ition . At the a ir/w ater  in terface  th is  involves the 
movement of whole domains which i s  a  slow process and occurs to a  
greater extent a t  low concentrations where there i s  enough space to 
make i t  p o ss ib le . At high T the movement of domains i s  hindered by 
the presence of other domains and n a tive  m olecules. The f in a l s ta te  
of the film  i s  probably more strained  than that a t the o il/w a ter  
in terface  but the domains form a r e la t iv e ly  compact structu re.

Again the m olecules a t  the o il/w a ter  in terface  are more expanded 
and the presence of the o i l  phase a lso  a s s i s t s  in  the relaxation  of 
the s tr e sse s  in  the film . However, the p rob ab ility  of entanglement 
occurring i s  greater and should increase a t high surface concentra­
tion . This i s  con sisten t with the increase of t2 with T. The o i l
p lays a dramatic part in a s s is t in g  the adjustment of the molecules

ISat the in terface  and^shown by the pH dependence. The more hydro-
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p h ilic  the molecule (pH 7 .4 ) the longer r2 • At the a ir/w ater in ter ­
face only the hydrophilic domains can be a s s is te d  by the water to 
leave the in terface  and relax  s tr a in s . Hence the relaxation  i s  
fa ste r  when the molecule i s  in  i t s  most hydrophilic s ta te .

6 .2  SUGGESTIONS FOR FUTURE WORK
This research has shown that the conformational changes which 

occur a t in ter fa ces are very se n s it iv e  to the nature o f the phases in  
contact, The sim plest extension  to the work would be to change the 
p o la r ity  of the phase in  contact with the p rotein  so lu tio n  and to r e l­
a te  the d ifferen ces in rheologica l behaviour and re laxa tio n  phenomena 
to these changes.

I n i t ia l  experiments were carried  out a t in ter fa ces  of am ylacetate 
and secondary—b u ty lacetate  in  contact with water. These indicated  
that the reduction in in te r fa c ia l tension  by adsorption of HSA i s  
dependent on the in ter fa ce . Time did  not permit a  f u l l  study of
these systems. Other u sefu l phases could c o n sis t  of low molecular
weight polymers.

The work could then be extended to other p ro te in s . The most 
important factor in  choosing other model protein  systems i s  to vary 
the amount of in ternal bonding. Thus fibrinogen which denatures to a 
s in g le  thread at the in terface  would be expected to show marked d i f f ­
erences in  these parameters. The choice of th is  and other blood 
proteins would provide add itional information which could be of value  
in the development of t issu e  compatible m ateria ls.

The expanding drop method for surface rheologica l measurements is  
more se n s it iv e  to the fa st  re laxation  processes than the trough
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method. It  i s  p o ss ib le  that, with improvement, the equipment might 
g iv e  unambiguous r e su lts  for processes with c h a r a c te r is tic  times 
of le s s  than a second. This im plies f i l t e r in g  out a l l  e le c tr ic a l  
in terference and increasing the s e n s i t iv i t y  of the pressure trans­
ducer. Vibration iso la t io n  would a lso  be required.

For studying the in i t i a l  adsorption other techniques such as 
l ig h t  sca tter in g  must be used.

Another feature of the system which should be in vestig a ted  is  the 
d is tr ib u tio n  of m aterial in to  the two bulk phases. Some authors have 
suggested that under some circum stances, e .g . very high bulk concen­
tra tio n s , m ultilayer adsorption can occur in  the aqueous phase near 
the in ter fa ce . A radiotracer technique using markers of d ifferen t  
in te n s it ie s  could be used in  such a study.

Another in ter e stin g  p roject would be to study the transfer of 
m ateria ls across the in ter fa ce , such as cytochrome C and certa in  
enzymes which are known to transfer in to  iso -octan e without lo ss  of 
a c t iv it y .  The information i s  usefu l in  the development of techniques 
used to separate and pu rify  p rotein s.

Proteins adsorbed a t liq u id  surfaces pose a number of in d u str ia l 
problems. They are instrumental in causing very sta b le  foams in fer ­
menters and in  e ff lu e n t. The surface rheologica l behaviour which is  
important in determining foam s t a b i l i t y  and the e f f e c t s  of ad d itives  
to improve or hinder foam formation, could be in vestig a ted .
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PROGRAM LISTING : CURVE FITTING

10 PRINT
20 HIMEM» 38399s LOMEMs 24576 
30 INPUT "TOTAL NO. OF EXP. EQU. "»M 60 M - M - 1 50 D* « CHR* (6)
B0 DIM A(10>,B<10).AI(10),BI<10)70 DIM C(20>,SX(40),SOX<40)
80 DIM G(100),GI<100),T<100)90 DIM X<20.20),XOC20.20)100 INPUT "DO YOU WISH IN^UT DATA FROM DISK OR KEYBOARD <D*K>"SN*
110 IF N* < > "O" AND N* < ) "K" THEN PRINT CHR* (7): GOTO 100
120 IF N* « "D" THEN GOTO 190
130 INPUT -ENTER TOTAL NO. OF DATA "SN
160 PRINT -NOW ENTER ALL DATA"
150 FOR I - 0 TO N - 1
160 PRINT "G("<H")iT(" ill") INPUT G(I).TiI)
170 NEXT I 
180 GOTO 270
190 INPUT "ENTER DATA FILE NAME "SNA*
200 PRINT D*S"OPEN"SNA*210 PRINT D*S"READ"SNA*
220 INPUT N230 FOR I - 0 TO N - 1260 INPUT T<I) x INPUT G(I>
230 NEXT I
260 PRINT D*S"CLOSE"SNA*270 PRINT
280 PRINT -LISTING ALL THE DATA"
290 FOR I - 0 TO N - 1 
300 PRINT T(X).GCX)
310 FOR J ■ 0 TO 200: NEXT J 
320 NEXT I
330 INPUT "DO YOU WISH TO ALTER ANY DATA "$N*
360 IF N* < > "Y" AND N* < ) "N" THEN PRINT CHR* <7): GOTO 330 350 IF N* ■ "N" THEN GOTO 720
3 6 0  PRINT "TO DELETE A DATA TYPE 0000": PRINT "TO CHANGE A DATA TYPE IN THE CC 
RESPONDING CORRECT DATA"370 FOR I ■ 0 TO N - 1 
380 K ■ K ♦ 1 
390 A* « ""
600 PRINT "T(" 5 I 5 " ),G<"S I S") <"ST(I>S "5Gl I ) S ") "5610 GET C*
620 A ASC <C*)
630 PRINT CHR* (A);
640 IF A « 13 THEN GOTO 580
630 IF A < 6e OR A ) 58 THEN GOTO 680
460 A* - A* C*
470 GOTO 410
480 IF A - 69 OR A = 43 OR A « 45 OR A * 4£ THEN GOTO 460
490 IF A « 8 THEN PRINT CHR* (32);: PRINT CHR* (A):: GOTO 540500 IF A = 32 THEN GOTO 4E0
510 IF A « 21 THEN GOTO 410
520 IF A - 44 THEN GOTO 460
530 PRINT CHR* (7);: GOTO 460
540 AL «= LEN < A * )
550 IF AL < 2 THEN A* ■= " " : GOTO 4 1 0
560 A* « LEFT* ( A * , A l  - 1)
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570 GOTO 410580 IF At • "" THEN GOTO £80
590 IF A* « -0000" THEN K - K - 1* GOTO £90
£00 AL - LEN (At)
£10 FOR J - 1 TO AL £20 6R* - HID* <A*.J.1)
£30 IF SR* - THEN GOTO £50 £40 NEXT J
£50 TCK - 1) - VAL < LEFT* <A*.J - 1))
££0 GCK - 1) - VAL C HID* <A*,J 1>)
£70 GOTO £90
£80 TCK - 1) - T(I)iG(K - 1) - GCI)
£80 NEXT I 
700 N - KiK - 0 710 GOTO 280720 IF NA* < > "" THEN GOTO 880730 PRINT -DO YOU WIStf TO SAVE THEBE DATA " I» INPUT N*740 IF N* < > «Y" AND N* < > "N" THEN PRINT CHR* <7)« GOTO 730750 IF N* - "N" THEN GOTO 8807£0 INPUT "ENTER DATA FILE NAME " I NA*
770 PRINT D*1"OPEN"INA*
780 PRINT D*l"DELETE"INA*
790 PRINT D*I"OPEN"INA*
800 PRINT D*l"WRITE"INA*810 PRINT N
820 FOR I ■ 0 TO N - 1
830 PRINT T<I)
840 PRINT GCI)
850 NEXT I
860 PRINT D*I"CLOSE"INA*
870 PRINT880 PRINT «XI - 215 / T<N - 1) »YY - 115 / GC0)890 H0R2 I HCOLOR- 3
900 HPLOT 5.5l HPLOT TO 5.1201 HPLOT TO 220.120
910 YI - 120
920 FOR I ■ 0 TO N - 1930 X - CXI * TCI)) + 5iYX - YY * GCI)«Y - YI - YX 
940 HPLOT X. Y950 HPLOT X - l.Y - 11 HPLOT X + 1«Y + is HPLOT X - l.Y ♦ 1* HPLOT X + l.Y - 1 
960 NEXT I 
970 K - K -*■ 1
980 IF K > 1000 THEN GOTO 1020
990 IF PEEK < - 1E384) < 129 THEN GOTO 970
1000 GET C*
1010 IF ASC <C*> < > 13 THEN GOTO 970
1020 K - 01030 POKE - 16303.0* POKE - 1E300,01040 PRINT "ENTER FIRST GUESS OF THE UNKNOWNS"
1050 FOR J ■ 0 TO H
10£0 PRINT " Al" C " IJI " ), BI <"IJl " ) “U  INPUT AI (J) . BI <J)1070 PRINT AI<J),BI(J)
1080 NEXT J
1090 FOR I » 0 TO N - 1
1100 FOR J - 0 TO M
1110 GI ■ GI + C(AICJ)) * C EXP C(BICJ)) * TCI))))1120 NEXT J 
1130 GICI) - GI1160 PRINT Gil" MlG<I)f "IGCI) - GI 
1150 GI - 0 1160 NEXT I
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1170 PRINT1180 FOR L - 0 TO M
1190 FOR K - 0 TO M
1200 X - 0*Y <- 0>Z ■ 0
1210 P - 0*Q '- 0iR m 0iS * 01220 FOR I - 0 TO N - 11230 T - DT * I
1240 U - EXP < (BI CK)) + T( I) )
1230 V • EXP ( CBI CL) ) * TCI))1260 X - X «► (U * V)1270 Y-Y-*- <11 + V * T<2>>1280 Z “ Z ♦ <U * V * TCI) •* TCI))
12S0 IF L > 0 THEN GOTO 1320 1300 P - P ♦ CCOCI) - GICI)) * U)
1310 Q - Q ♦ <<OCI) - GICI)) * U * TCI))
1320 NEXT I
1330 X<<2 * L>,K> - X1340 X< <2 •* .L> • <M ♦ K ♦ 1) ) « fll(K) * Y
1330 X<<(2 * L) ♦ 1)•K) « PI CL) * Y
1360 X(<(2 * L) ♦ 1)«<N + K + D) - PICK)
1370 X - 0iY - 0iZ - 0
1380 IF L > 0 THEN GOTO 1430
1390 6X<2 * K) - P
1400 8XCC2 * K) ♦ 1) « 0 * PICK)1410 P - 01Q - 0 
1420 R - 0tS - 0
1430 NEXT K
1440 NEXT L
1430 FOR J - 0 TO (2 * h> «► 1
1460 FOR K ■ 0 TO <2 * M> + 1
1470 PRINT XCJ.K)
1480 NEXT K1490 PRINT 6XCJ)1300 PRINT '
1310 NEXT J
1520 MD » <2 * M) 11530 FOR J ■ 0 TO «D
1540 FOR K ■ 0 TO HD1550 XOCJ.K) » XCJ.K)
1560 NEXT K
1570 SOXCJ) « SXCJ)
1580 NEXT J1590 FOR L « 0 TO MD - 11600 FOR I - 0 TO MD1610 IF XCL.L) - 0 THEN GOSUB 2860
1620 X - XCL, L)
1630 IF X - 0 THEN GOTO 1890
1640 Y - XCCI + 1) • L)
1650 Z - Y / X
1660 FOR’K - L + 1 TO HD
1670 XD - XCL.K) * Z
1680 RXC Cl + 1).K) - X((I ♦ 1).K) - XD
1690 NEXT K
1700 SDX - SX CL) * Z
1710 RSXCI ♦ 1) « SX<1 + !L> - SDX

PI CL) * Z

SDX
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1720 NEXT I1730 FOR J - L ♦ 1 TO MD1740 FOR K ■ L + 1 TO MD1730 PRINT RXCJ.K)
17E0 NEXT K 1770 PRINT RSX C J)
1780 NEXT J 
1730 GOTO ie201800 GET C t i IF ASC CC*) - 13 THEN GOTO 1820
1810 GOTO 1800
1820 FOR J ■ L + 1 TO MD
1830 FOR K ■ L ♦ 1 TO MD1840 XCJ.K) - RXCJ.K)
1830 NEXT K 
1860 8XCJ) - RSX(J)
1870 NEXT J ' 1880 PRINT1890 NEXT L 1300 PRINT1910 !>• XCMD.MD) - 0 THEN C<MD) - 0* GOTO 19301920 C(MD) - SX(MD) / XCMD.MD)
1930 PRINT MC<"1MDl") • MlCCMD)
1940 FOR L « MD - 1 TO 0 STEP - 1 
1930 J - L
1960 FOR K ■ MD TO L + 1 STEP - 1 
1970 S - S CCK) * XCJ.K)
1980 NEXT K
1990 IF X< J» K) - 0 THEN C<K) - 01 GOTO 2010 2000 CCK) - CSXCJ) - S) / XC J.K)
2010 PRINT "CC**lKf) - "tCCK)2020 6 - 02030 NEXT L2040 GOSUB 3000
2050 FOR K ■ 0 TO M
2060 IF LK ) 0 THEN GOTO 2130
2070 ACK) ■ CCK) «■ AICK)
2080 BCK) - CCK + M + 1) ♦ BICK)
2090 PRINT ACK)« BCK)
2100 GOTO 2120
2110 IF ACK) < 0 OR ACK) ) 2 * GC0) THEN LK - LK -*■ li GOSUB 3140
2120 IF BCK) > 0 THEN LK » LK ♦ li GOSUB 3140
2130 NEXT K 2140 PRINT
2150 IF LK > 0 THEN LK - 0* GOTO 1090 2160 PRINT2170 FOR I - 0 TO N - 121e0 FOR K - 0 TO M
2190 G - G ♦ CACK) * EXP CBCK) * TCI)))
2200 NEXT K2210 PRINT G
2220 G - 0
2230 NEXT I2240 PRINT
2230 FOR K - 0 TO M
2260 AICK) - ACK)
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2270 BICK) ■ B(K)2280 NEXT K 2290 J - 0
2300 IF ABS (CCJ)) > IE - 2 OR ABS <C<J + M + l)> ) IE - 3 THEN GOTO 2330 
2310 IF J > M THEN GOTO 2370 2320 J ■ J ♦ li GOTO 2300 2330 GOTO 1090
2340 QET F*i IF ASC (F*> - 13 THEN J - 01 OOTO 1090 2380 IF ASC <F4> - 3 THEN END 93*0 OOTO SS40 2370 J • 02300 POKE - 1*304.01 POKE - 1*2:09.02390 FOR I - 0 TO N - 12400 T ■ I * DT2410 FOR J ■ 0 TO M ,2420 IF B<J) > 0 THEN QQ - 1
2430 61 ■ OZ 4 (AC J) * EXP (BCJ) * T(I)>)2440 NEXT J
2430 X - CXI + TCI)) 3* YX - YY * GUY - YI - YX2460 HPLOT X.Y
2470 GICI) « G12480 GI « 02490 NEXT I2500 K - K + 1
2510 IF K > 1000 THEN GOTO 2530
2520 IF PEEK ( - 16384) < 129 THEN GOTO 2500
2530 GET Ct2540 IF ASC CCS) < >13 THEN OOTO 25002350 K ■ 02560 IF QQ - 1 THEN LK - U  GOSUB 3140
2570 POKE - 16303,01 POKE - 16300.02580 IF QQ - 1 THEN QQ - 0* GOTO 10902590 E - 0iF « 02600 EE - 0IFF - 0IEF - 0
2610 FOR I • 0 TO N - 1
2620 DG - ABS CGCI) - GICI))
2630 E ■ E + G(I)
2640 F - F ♦ GICI)
2630 EF - EF + <G(I> * OKI))
2660 EE - EE + CGCI) + 2)
2670 FF - FF + CGI<I) 42)
2680 NEXT I
2690 RG - <((E f F) / N) - EF) / <C(E -» 2) / N) - EE)
2700 AE - E / N 
2710 AF - F / N 2720 IN - CAF - CRG * EF))
2730 VE - C(EE / N) - CAE + 2))2740 VF - CCFF / N) - CAF 4 2) >
2750 CC «• C (RG •+ VE) / VF)2760 PRINT "VARIANCE OF ACTUAL VALUES IS » "1VE
2770 PRINT "VARIANCE OF FITTED VALUES IS * " lV F2780 PRINT "CORRELATION COEFFICIENT IS « "ICC 
2790 IF CC ) .993 AND RG ) .993 THEN GOTO 2050 2800 AO<0) « A(0):BO(0) - B<0>



2810 GOSUB 31602820 PRINT
2830 GOTO 10302840 M - M * It GOTO 109028S0 GOTO 3S102860 U - W + 1
2870 IF CL ♦ W) ) MD THEN GOTO 2990 
2880 IF X< CL + W). L> - 0 THEN GOTO 28B0 2890 FOR J - L TO f1D 
2900 CX - XCL.J)
2910 CU - XC CL ♦ W).J)2920 XCL.J) - CW 
2930 XC CL «» W),J) - CX 
2340 NEXT J 
2930 81 « 8XCL)
2960 62 - 6XCL + W)
2970 SXCL)* - 82 
2980 6XCL * W> - 81 
2990 RETURN 
3000 IN* - -•*
3010 FOR J » 0 TO MD 
3020 8 - 0
3030 FOR K - 0 TO MD
3040 8 - S ♦ CCCK) * XOCJ.K))
3030 NEXT K
3060 IF 60XCJ) - 0 THEN GOTO 3090
3070 6D — CS / 80XCJ))* PRINT "SD - “tSD
3080 IF ABS CSD - 1) > IE - 2 THEN IN* « "NOT CORRECT"
3090 PRINT S.60XCJ)3  110 NEXT J3110 PRINT IN*3120 IF IN* < > —  THEN END3130 RETURN3140 PI - LOG CGCN - 1))
3130 PRINT "DOING SUB 3000"
3160 XT - 2
3170 IF LK > 0 THEN M - M - 1 
3180 P2 - LOG CGCN - XT))
3190 BICM 1) - CPI - P2) / CT<N - 1) - T<N - XT))
3200 AM - CPI - CBICM ♦ 1) * TCN - 1)))
3210 AICM ♦ 1) - EXP CAM)
3220 IF M ) 0 THEN GOTO 3340 3230 AICO) - GCO) - AIC1)
3240 IF AI CO) < 0 THEN XT - XT *»■ 11 GOTO 3180
3250 TR ■ TR + 2» IF TR > CN - 1) THEN STOP3260 IF TR - 0 THEN M — M ♦ 1tMM - MM + 2>BI(0) - MM * BICl)t GOTO 3310 
3270 PH - CAIC1) * EXP CBICl) * TCTR)))3280 BI fO) - C LOG CPH) - LOG CAI CO) )) / TCTR)3290 IF BICO) > 0 THEN TR - TR - 11 GOTO 32E0
3300 M - M 1
3310 PRINT AI CM - D.BICM - 1)
3320 PRINT AICM), BICM)
3330 RETURN
3340 AICO) - AO(O)tBICO) - BOC0)
3330 AW — AW . 2 
3360 IF AW - 1 THEN AW - . 2 3370 IF AW > .2 THEN GOTO 3390 3 3 0  IW « BU -*■ . 03
3390 IF BW - 1 THEN BW - 1.05
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3400 FI - (.5 * flKfl ♦ D) * Cl - AW)
3410 F2 « C.3 * AIC0)) * AW 

3420 F3 ■ C8I C0) - BI CM * 1)) * BW 
3430 PI CM) - FI «■ F2 3440 BICM) - CBICM * 1) «• F3)
3450 AIC0) ■ AI(0) - F2
3460 AX CM + 1) - RICH + 1) - FI
3470 AICM) - GC0) - CAXC0) + AXC2>)3480 PRINT AIC0).BIC0)I PRINT AX Cl).BICl)t PRINT AI(2).BI<2)
3490 M - M ♦ 1 3500 GOTO 33303 3 0  PRINT « PRINT D*»*PR#5"* PRINT3 3 0  PRINT TABC 5) "TIME-1 TABC 6) "ACTUAL DATA"; TABC 9) "FITTED DATA"; TABt 9) 
ACTUAL-FITTED DATA"
3530 PRINT5340 FOR I - 0 TO N - 1
3350 T* - STRt CTCI) ) *(»* - 8TR4 CGCI))
3560 GIB' - STR* (OKI))
3570 D G G C I )  - GICX)3580 DG* - 6TR* COG)
3390 LT - LEN CTS)«LG - LEN CG*)
3600 LI ■ LEN CGIt)
3610 PRINT TABC 5)TCI); TABC 10 - LT)G(I);
3620 PRINT TABC 20 - LG)GICI)I TABC 20 - LI)DG 
3630 NEXT I
3640 PRINT * PRINT * PRINT 
3650 FOR J - 0 TO M
3660 A* - STR$ <A(J))iB* - STR* CBCJ))
3670 LA - LEN CAt)>LB - LEN CB$)
3680 PRINT TABC 5)"AC";J;") « "IACJ); TABC 20 - LA)"B("tJ;") «3690 NEXT J
3700 PRINT * PRINT D*;"PR**0"l PRINT 3710 END



1490 AB ■ OB + 11500 IF OB > 3 THEN GOTO 1530
1510 PRINT TAB( 17 - BS(I - 1))TL<I)I1520 GOTO 1550
1530 PRINT «AB - 0
1540 PRINT TAB( 12>TL<I>*
1550 NEXT I 15S0 PRINT 1570 AB - 0
1575 PRINT l PRINT D*l"PR#0"* PRINT1580 PRINT "DO YOU WISH TO SAVE THESE RESULTS"** INPUT N»1590 IF N* < > "Y" AND N* < > "N" THEN PRINT CHR* <7)* GOTO 1580 
1600 IF N* « "N" THEN GOTO 1820 
1690 TX - 0 
1700 TX « TX + 1/
1710 IF TX > 2 THEN GOTO 1820 1720 PRINT D*l"OPEN"I At*"/RESULT"ITX 
1730 PRINT Df*"DELETE"«A»1"/RESULT"ITX 
1740 PRINT D*l“OPEN"IA**"/RESULT"*TX 
1750 PRINT D*I"WRITE"IA*»"/RESULT"ITX 
1760 PRINT <LT 3) / 2 
1770 FOR I ■ 1 TO LT STEP 4 1780 PRINT TLCI)* PRINT TLCI ♦ TX)1790 NEXT I
1800 PRINT D**"CLOSE"*A**"/RESULT"lTX 
1810 GOTO 1700 
1820 END



APPENDIX *B
PROGRAM LISTING : FOURIER TRANSFORMATION

1 INPUT "TITLE “IA*
5 INPUT "FA "IFA 10 D* - CHR# <4>
20 DIM A(3)«B(3)«F( 60) • WC60) • TL (2S0)
23 DIM BS(230)« FI<10)
2 6  F I <1) - 1»FI(2)  « . 8 * FIC3) - . 6
27 FIC4) - ,4«FI<5> - .3*FI<6> - .228 FIC7) - •175*FI(8) - .15*FI<9) - .125 , 29 INPUT “ENTER TOTAL NO. OF EXP. "»EX30 FOR I ■ 0 TO EX - 140 PRINT “A<“III")»B(“lII") “I* INPUT A(I).BCI)
50 NEXT I 55 LT - i 60 J • 0 
63 DC - 1 
B7 J ■ J ♦ 1
70 FC - FC + H  IF FC « 0 THEN FC - 9*DC - . 1 * DC 
75 IF FC - 10 THEN FC - 11 DC - 10 ♦ DC 80 F <J) • FI(FC) / DC 
90 W(J) - 2 * 3.142 * F<J)
120 FOR I - 0 TO 2
122 S - <A(I) * <W(J> + 2))
124 T « <FA * (<B<I) + 2) + (W(J) ♦ 2)))
130 ER - ER ♦ <S / T)135 V - ( AC I) * B(I) * WCJ))
140 El ■ El + <V / T)150 NEXT I
133 VE ■ El / WCJ)156 IF LT > 1 THEN GOTO 160
157 IF El > .1 THEN FC - FC - 2*J - 0* GOTO 180
158 IF El < .05 THEN 180
160 TL < LT) » F < J)* TL < LT + 1) - ERiTLCLT + 2) - El165 TL<LT «• 3> - VE
167 IF El < .1 AND ER < . 01 THEN GOTO 195 170 LT - LT «- 4
175 PRINT F( J) I “ " 1 ER I * MEI
180 ER * 0*EI - 0
190 GOTO 67
195 PRINT
200 PRINT D*I"PR#5"1400 PRINT l PRINT
1410 PRINT TABC 12)"FREQ E(REAL) E(I MAG)
1420 PRINT TAB( 12)"---  ------
1430 ‘PRINT TAB( 12)"<HZ) CMN/M) <MN/M)
1440 PRINT
1450 PRINT TABC 12)TLCl)t 
1460 BC* - STR* <TL < 1) > * BSC 1) - LEN CBCO 
1470 FOR I - 2 TO LT + 3 
1480 BC* - 8TR* CTLCI))iBSCI) -

VISC"
CMNS/M)

LEN (BC t)
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